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Cell migration is a fundamental process required for normal development, 
maintaining homeostasis and it functions in disease progression such as cancer 
metastasis. Cells signal in response to various ligands by activating the specific 
receptors presented on the cell membranes. During development and immune 
response, cells migrate towards or away from the source of a ligand. Cell migration 
is a dynamic process that can be observed in real time providing an opportunity to 
study the spatio-temporal dynamics of guidance signaling.  
 
During Drosophila oogenesis, a group of 6-8 cells, border cells, delaminate from the 
follicular epithelium and perform a guided migration through the germline tissue to 
reach the oocyte. The oocyte secretes chemo-attractants such as PVF1 that guide the 
migration via activation of the receptor tyrosine kinases (RTKs), PVR (PDGF VEGF 
like Receptor) and DER (Drosophila epidermal growth factor receptor) expressed by 
the border cells. The role of these redundant RTKs during border cell migration is 
not clear. A live imaging system has been set up in the lab to visualize the migrating 
border cell clusters. 
 
To understand the contribution of these receptors we characterized cell behaviors 
of migrating cells when the guidance signal was perturbed. It was shown that during 
wild type migration, there are two phases - the faster early phase and the slower 
late phase where cells shuffle and exchange positions within the cluster. The early 
phase has a predominant lead cell with a long extension, whereas in the late phase 
there is a lead cell but this status of the cell is short lived. Furthermore, during late 
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phase of migration, the extension of the lead cell is shorter in length and is short 
lived. It was observed that guidance signaling, which is essential for this migration, 
regulates the length of extension and persistence of it. Further, it was shown that 
PVR and DER signaling was perturbed it brings about different cell behaviors. PVR is 
required for the fast early migration whereas, DER is required for the late shuffling 
kind of migration. This implies that these RTKs, though redundantly required for 
border cell migration, might act preferentially through different downstream 
pathways. In support of this, it was demonstrated that Rac, a Rho family GTPase, is 
required for early PVR like movement but so much for late, DER type of movement. 
 
To further understand this signaling, I have developed a biosensor probe, which can 
detect the endogenous guidance signaling in real time during migration. Activated 
Ras is used as a read out of activation of both the RTKs. As expected no signal is 
observed when Ras is knocked down using RNAi. When RTKs are knocked down 
using RNAi, no signal is observed, showing that the signal observed by the biosensor 
probe is stringently dependent on RTK activation. This is a novel biosensor probe, 
which provides a tool to now analyze the endogenous guidance signal both in space 
and in real time. In wild type, we observe that during migration, the signal is 
polarized in the direction of migration. This polarization is observed at within the 
leading cell, wherein the front of the cell has a higher signal compared to the side of 
the same cell. The polarization is also observed within the whole cluster, wherein 
the front of the leading cell is higher than the signal at the back of the rear cell. This 
signal is observed to be dynamic in both space and in time. In time the signal was 
 xi 
observed to be cyclic, albeit no strong statistical evidence has been found to 
determine the characteristics of this signal. Using genetic perturbations it was 
further demonstrated that the signal observed is stringently dependent on both, the 
activity of the receptors and the proper localization of the ligand around the cluster. 
The correlation to movement of the cluster was tested, but no direct correlation was 
observed between movement and the amount of signal within the cell. 
 
Hence this shows that guidance signaling can proceed in different ways downstream 
of the two guidance receptors and this biosensor probe gives us a powerful tool to 
study the properties of the guidance signaling and further understand how does it 
steer the motile border cells, in a spatio-temporal manner. 
 xii 




(Where indicated, appropriate permissions have been obtained to reproduce/adapt figures 
from other publications, exclusively for this thesis) 
 
Fig 1.1: Guided cell migration…………………………………………………..……3 
Fig 1.2: Basic steps of cell migration…………………………………………...…..11 
Fig 1.3: Signaling downstream of the RTKs……………………………………….18 
Fig 1.4: Activation of GTPaes………………………………………..……….……..21 
Fig 1.5: Development of the Drosophila Germline and border cell migration….30 





Figure 2.1.1: Live imaging of border‐ cell migration………………………………39 
Figure 2.1.2: Measurements using fixed sample…………………………..........42 
Figure  2.1.3: Quantification of parameters of migration in wild type………….45 
Figure  2.1.4: Quantification of parameters of migration in wild type in time-
lapse videos……………………………………………..……………….………..….47 
 
Figure  2.1.5: Relationship between speed of migration and size of front 
extension………………………………………………………………….……..…….49 
 
Figure  2.1.6: Time-lapse videos of PVR perturbation……………………….…..52 
Figure  2.1.7: Analysis of effect of PVR perturbation in fixed samples…….…..54 
Figure  2.1.8: Analysis of effect of PVR perturbation in time-lapse videos……55 
Figure 2.1.9: Time-lapse videos of DER perturbation………………..………….56  
 xiii 
Figure  2.1.10: Analysis of effect of DER perturbation in fixed samples Figure.58   
Figure  2.1.11: Analysis of effect of DER (EGFR) perturbation in time-lapse 
videos…………………………………………………………………………………..59 
 
Figure  2.1.12: Analysis of disruption of Rac activation in time-lapse videos….62 
 
Part II 
Fig 2.2.1: Design of constructs………………………………………………...…….70 
Fig 2.2.2: Testing of the biosensor constructs……………………………………...72 
Fig 2.2.3: Measuring the RTK signal detected by RBD10x-GFP…………………74 
Fig 2.2.4: Sensor acts in the correct pathway downstream of DER…………......75 
Fig 2.2.5: Comparison of hsR10XGFP and hsRGR10XGFP…………………….78 
Fig 2.2.6: Measurement of signal using FM 4-64………………………………....80 
Fig 2.2.7: Measurement of the signal in PVR over-expression……………….....84 
Fig 2.2.8: Measurement of the signal in wild type………………………………...83 
Fig 2.2.9: Comparison sensor localization in wild type and RasV12……………87 
Fig 2.2.10: Ratiometric method for visualization of the signal……………….......89 
Fig. 2.2.11: Sensor distribution in wild type and Ras knock down………………91 
Fig. 2.2.12: Sensor distribution in wild type and knock down of the guidance  
Receptors………………………………………………………………………………92 
 
Fig 2.2.13: Systematic quantification of the signal………………………………...95 
Fig 2.2.14: Average measurements of signal by perturbations of Ras………….98 
Fig 2.2.15: Amount of signal in the simultaneous knockdown of both the guidance 
receptors……………………………………………………………………...………100 
 
Fig 2.2.16: Stills from a wild type movie over time ……………………………...103 
Fig 2.2.17: Spatial dynamics of the signal in wild type …………………………104 
 xiv 
Fig 2.2.18: WT measurement of delaminating and early migratory cluster…..106 
Fig 2.2.19: Temporal dynamics of signaling in wild type……………………….112 
Fig 2.2.20: Spatial dynamics of DN-PVR DN-DER expression………………..115 
Fig 2.2.21: Spatial dynamics of signal upon PVR perturbation………………..118 
Fig 2.2.22: Spatial dynamics of signal upon DER perturbation………………..121 
Fig 2.2.23 Correlation between guidance signal and directed movement………124 
 
 
4. MATERIALS AND METHODS 


























Migration is a fundamental and ancient process. Life is postulated to have started 
from molecules being able to move and hence come together to form 
macromolecules and cells. Multicellular organisms came into being and cell 
migration is instrumental in the development of animals into a whole starting from 
a single cell. 
 
Being able to observe movement of the unit of life, a cell, has fascinated mankind 
ever since observation was possible and understanding this process has been 
important as mis-regulation of the same can lead to disease conditions such as 
cancer metastasis, failure to implant embryos, failure during development, etc. It 
is also critical for proper functioning of the immune system, wound healing, etc. 
 
1.1 Cell migration  
 
Cell migration has been studied extensively (Ridley et al. 2003, Van Haastert & 
Devreotes 2004). It can be broadly classified into migration of single cells and 
collective migration of a group of cells, with some overlap between the two 
processes. It can also be classified based on whether the cells migrate 
throughout their lifetime, professional migrators such as the cells of the immune 
system or; whether they migrate at a specific point in their life to achieve a 
specific function, usually during the development of an organism to build the 





Fig 1.1: Guided cell migration An example of single cell and a group of cells migrating 
in a chemotactic manner. The gradient of blue represents the increasing gradient of the 
chemoattractant and the arrow represents the direction of migration. 
 
Cells can migrate as single cells, such as immune cells or primodial germ cells 
(PGCs) (Doitsidou et al., 2002; Redd et al., 2006; Kunwar et al., 2006) or as 
collective group of cells. The primodial germ cells also migrate as a loosely 
attached group of cells. They are specified early on during development and at a 
later stage they migrate to the site where the gonads will be formed from the 
mesoderm. (Starz-Gaiano and Lehmann, 2001) 
 
Cells that migrate during development usually migrate as a group or a cluster, 
where each cell has the potential to influence the migration and behavior of the 
cells around it. These cells are motile only for a short span of their lives and the 
speed of their migration is slower compared to that of professional migrators. 
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They usually migrate towards or away from the source of a ligand molecule, a 
process termed as chemotaxis. There are many kinds of collective migrations 
observed during development. These cells migrate through complex tissue 
environments and can be guided by secreted molecules. The regulation and 
mechanism of this migration is not fully understood. It is harder to image these 
cells in their natural environment. Manipulation is also more challenging.  
 
These problems have been overcome to a certain extent by creating artificial 3D 
environment using newer techniques such as imaging in 3D matrigel (Cukierman 
et al. 2001, Griffith & Swartz 2006). Extensive studies have been carried out by 
observing the migration of the single cell amoeba Dictyoslelitum, since it’s a free 
floating amoeba for most part of its life and its natural environment can be easily 
recreated in the laboratory. Further, it can also be used to study collective 
movement, as when starved the individual cells come together to form a slug like 
sporulating body (Weijer 2004; for review, Van Haastert & Devreotes 2004). 
 
Extensive studies have been carried out to determine the extracellular signals 
that guide migration and the intracellular molecular machinery required for the 
migration of cells. The basic machinery of migration has been extensively studied 
as discussed in the next section. In an attempt to better understand this process 
of cell migration, several migratory processes, which occur during development 
and disease, have been characterized and I attempt to provide a brief overview 
of the same. 
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One of the most extensively studied processes is Epithelial to Mesenchymal 
transition (EMT). It is an important process during development wherein the 
epithelial cells take up a mesenchymal fate. This involves complex changes 
within the cell wherein the cell looses its apico-basal polarity; cell-cell adhesions; 
cell junctions – GAP junctions, tight junctions, adherens junctions and 
desmosomes; and its systematic organization within the tissue. This is required 
during Drosophila development, fish development, vertebrate development, etc to 
give rise to the mesoderm. Complex signaling strategies are used to bring about 
EMT. EMT is associated with single cell migration, and differs from movements 
within the epithelium, where the cells do not detach from the tissue but can 
undergo rearrangements to give rise to various tissue architecture eg. 
Gastrulation. This is extensively studied as it has a role in diseases such as 
fibrosis and cancer. It plays an important role in tumor progression wherein the 
carcinoma cells have been shown to acquire mesenchymal properties before 
mestastasis. This transformation in the tumor cells can be complete or partial but 
in either case it has been shown to orchestrate delamination of cells from the 
tissue followed by single cell migration (for reviews, Shook & Keller, 2003, Thiery 
& Sleeman, 2006; Baum et al., 2008).  
 
Another migration observed during development is the migration of the cells of 
the neural crest. Cells from the neural tube migrate out as streams to form 
several structures during vertebrate development such as the peripheral nervous 
system, melanocytes, cartilage and bones of the skull (LaBonne and Bronner-
Fraser, 1999). This migration is chemotactic and is very similar to EMT in several 
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aspects (De Calisto et al. 2005). Another example of the same is the rostral 
migratory stream in the brain from sub ventricular zone to the olfactory bulb (Nam 
et al. 2007). During the course of this migration, each individual cell migrates and 
it is loosely attached to other neighboring migratory cells. Cell shape is elongated 
and polarized. Though these cells are attached to other cells, there is evidence to 
support that this migration proceeds as both individual migration (Belvindrah et 
al. 2007, Murase & Horwitz 2002) and migration as a loose group (Chazal et al. 
2000, Wichterle et al. 1997). The mechanism of this behavior and how they 
influence each other during migration is still elusive. 
 
A type of migration during development, which gives rise to branched networks 
within the body, proceeds as a group of cells that adhere to each other during 
migraiton. This can be achieved by either sprouting or branching type migratory 
behavior of the cells.  In sprouting behavior, the tip or lead cell is specified, 
usually in response to growth factor ligands. There is an intrinsic polarity in the 
leading tip cell where the front of the cell is free and the back is loosely attached 
to the cells behind. A noteworthy feature of the branching type of migration is that 
the tip cell does not change. Notch signaling prevents formation of other cells into 
tip cells, hence along with guidance; Notch-delta signaling is also essential for 
this process (Ghabrial & Krasnow 2006, Hellstrom et al. 2007, Ridgway et al. 
2006).By a combination of both migration and cell proliferation, the lagging cells 
follow to give rise to intricate branched patterns needed in forming structures 
such as the vasculature in vertebrates (requires Vascular endothelial growth 
factor -VEGF, Ferrara et al. 2003), tracheal network in Drosophila (Adams & 
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Alitalo 2007, Affolter & Caussinus 2008), etc. Branching behavior is different from 
the sprouting behavior in that there is no defined tip cell. This is observed in the 
development of the alveoli of the lungs, the ureteric buds (Shakya et al. 2005), 
the mammary glands (Ewald et al. 2008), etc. Branching and sprouting behaviors 
are of special interest because they are required to form neo-vasculature in the 
adults. This can hence be a mechanism to provide vasculature to the growing 
tumors, hence efforts are being made to better understand the regulation of this 
process. 
 
A relatively new field of study is the cell movements within the tissue, especially 
in the rapidly cycling epithelium, the skin, the gut, etc, are now being appreciated 
as high resolution and faster live imaging techniques are being developed. These 
are required for formation and maintenance of tissue architecture. Convergent 
extension during early development of the embryo, is a good example of relative 
cell rearrangements which shape the tissue and contribute towards tissue 
morphogenesis (Solnica-Krezel 2005, Keller 2006). Dynamic rearrangement of 
cells even without a major change in tissue shape have also been observed and 
are required to maintain the integrity and function of certain tissues (Chuai et al. 
2006, Larsen et al. 2006). An understanding of the signals regulating the 
detachment of the cells and/or their migration within a tissue is slowly emerging. 
 
Another mode of group migration is sheet migration. A good example of it is in 
wound healing, wherein the gap generated by a wound is filled by the 
neighboring cells. This is quiet well studied in tissue culture as monolayers of 
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epithelial and endothelial cells when scratched heal the wounds by migrating to 
fill these gap. It involves a complex interplay of cell motility, directed migration 
and proliferation (Vitorino and Meyer, 2008;) in response to the wound (Nikolic et 
al., 2006). The lack of tension is the signal to stimulate the cells to migrate and fill 
the gap (Block et al., 2004, Poujade et al., 2007). Hence the signal triggering this 
migration could be mechanical. Waves of calcium signaling (Klepeis et al., 2001, 
2004) and of ERK signaling (Nikolic et al., 2006) have been observed in these 
cells, which suggest a mechanism of signal transduction important for cell-cell 
interactions required to co-ordinate this collective migration (Poujade et al., 
2007). In an in vivo scenario, this is observed in early morphogenetic movements 
such as dorsal closure in the developing Drosophila embryo, during gastrulation 
in vertebrates (Martin & Parkhurst 2004, Solnica-Krezel 2005).  
 
Hence, several processes during development rely on accurate and timely cell 
migration, a failure of which can lead to several developmental defects. 
 
Another reason, as mentioned before, to understand cell migration is to 
understand metastasis and thereby device strategies to prevent/curb it. Tumor 
cells metastasize and spread into neighboring tissues. Initially it was thought to 
occur by Epithelial to Mesenchymal Transition (EMT) but recent studies have 
shown that it can occur by other ways of branching, sprouting and moving as a 
cluster of cells. Several proteins such as matrix metalloproteases, E cadherins, 
Fascins have been implicated to aid metastasis. Further, it has been shown that 
complete EMT is not required for invasion by the tumor cells. Hence there is an 
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emerging understanding of the role of migration during metastasis and now it 
would be important to characterize how do the different tumors behave. This will 
help us to predict the behavior of particular tumors in humans and will also help 
to device strategies to prevent the same. 
 
1.2 Basic features of cell migration 
 
Cells migrate differently in different contexts but they share some common 
features and basic machinery essential for cell migration. Migrating cells have to 
define an intrinsic polarity (Fig 1.2) within the cell, which helps it to distinguish 
between its leading edge and lagging edge.  This symmetry breaking event in the 
cell can be spontaneous (Wedlich-Soldner & Li, 2003; Verkhovsky et al., 1999) or 
can be determined by the presence of external cues – Chemotaxis. Chemotaxis 
is a process where in an external ligand which present in an asymmetric or 
graded manner around the migrating cell, provides the directional information 
required for the migrating cell to reach its destination (for review - Ridley et al., 
2003, Iglesias et al.,2008). Hence it guides the migration (Swaney et al.,2010). 
Some effectors of the polarity in migratory cells are shared with apico-basal 
polarity of the epithelium (Li et.al. 2008, Iden and Collard, 2008). This is followed 
by asymmetric localization of the various actin regulators, which promote the 
leading edge or the rear edge behavior within the cell. There are mechanisms 
wherein the cell can either define the leading edge first, or it can define rear first 




To sense the direction of migration, the cells have receptors (e.g. Receptor 
tyrosines kinases – RTKs, G protein coupled receptors - GPCRs, etc) on the cell 
membrane (Cotton and Claing 2009, Swaney et al.,2010) which can bind to 
external factors such as morphogens, pheromones, etc present in the 
environment of the cell. These receptors are usually distributed evenly along the 
plasma membrane but are activated asymmetrically in response to the gradients 
of the external cues (Xiao et. al 1997, Servant et al.,1999). Asymmetric activation 
of the receptors recruits signaling adapters asymmetrically, to amplify the shallow 
gradient of external cues (Swaney et. al., 2010) of the signaling molecules. This 
helps to set up an asymmetry in the migrating cell. Phosophatidylinositol bis-
phosphate to phosophatidylinositol trisphosphate (PIP2 to PIP3) is brought about 






Fig 1.2: Basic steps of cell migration. A pictorial representation of the four basic steps 





in some migrating cells (PI3K; Kolsch et al., 2008, Cain et al., 2009). This is 
maintained in the active state only at the leading edge of the cell and rapidly 
dephosphorylated by PTEN (phosphatase and tensin homologue) elsewhere in 
the plasma membrane (Funamoto et.al.,2002; Iijijama et al., 2002). PIP3 
activation recruits guanine nucleotide-exchange factors (GEFs, Iijijama et al., 
2002, Garcia-Mata et al.,2007), which helps to activate several Rho family 
GTPases such as Cdc42 and Rac (Etienne-Manneville and Hall, 2003). Cdc42 
can also be activated by other mechanisms (Osmani et al., 2006), as not all cells 
need PIP3 for migration (Holler and Kay 2007). This in turn leads to an activation 
of the downstream actin nucleators and regulators such as WASP, Diaphanous 
etc (Heasman and Ridley, 2008; Etienne-Manneville, 2004) at the leading edge 
to form the machinery for the forward movement (Nobes and Hall,1995). Further, 
the signal from the receptor should be short lived so as to continually sense the 
direction of migration. This is atleast in part, achieved in part by endocytosis of 
receptors and other signaling components (Ezratty et al.,2009; Jannsen et 
al.,2010) which are then recycled or degraded. Hence a migrating cell is 
polarized in the direction of migration. One unresolved issue of how are receptors 
activated asymmetrically when the ligands are present all around the migrating 
cell, albeit in a shallow gradient, is discussed in detail in section 1.3. 
 
Once the leading edge is established, it is usually characterized by protrusions 
(Fig 1.2), which is a membrane extension outside the cell, in the direction of 
migration. Protrusions have been extensively studied in single cell migration and 
are classified as lamellepodia or filopodia. Lamellepodia are single, large, flat 
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structures present at the leading edge whereas filopodia are short spikes usually 
serving the sensory rather than mechanical roles. These protrusions are formed 
as a result of actin dynamics and the organization of actin confers the shape and 
the mechanical properties to them. Lamellepodia have branched acting network 
(Cramer et al.,1997; Svitkina, T. M. & Borisy; 1999) whereas filopodia have actin 
bundles (Mattila et al.,2008). The fast growing or barbed end of actin is situated 
just behind the membrane, which is thought to provide the force required for 
membrane outgrowth. Membrane outgrowth also requires supply of new 
membrane through several mechanisms – flow of membrane from other regions 
of the cell, exocytosis, etc (Schmoranzer et al.,2003). Further, in some cellular 
migrations, membrane protrusions occurring without actin assembly are called 
blebs. They are thought to occur through the hydrostatic pressure in the 
membrane and through action of myosinII contractions (Charras and Paluch, 
2008; Fackler and Grosse, 2008; Blaser-Heiko et al.,2006). This can be used in 
certain cells for forward movement. The actin dynamics is asymmetric within the 
cell and at the rear end of the cell; the actomyosin complex provides the 
contractile force required for forward movement. This is regulated by RhoA 
activity. 
 
To be productive, the protrusions must adhere to the substrate, else they will 
retract due to the tension within the cell. Adhesion (Fig 1.2) to the substrate is 
also required to provide the traction force needed for translocation of the cell 
(Lauffenburger and Horwitz, 1996). Cells can migrate using different substrates 
such as other cells (neurons migrating on glia) or extra cellular matrix (ECM) and 
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hence adhesion can be between cells or between the cell and the ECM. Different 
molecules are responsible for the different types of adhesions; cell-cell adhesion 
is mediated by molecules such as cadherins (Niewiadomska et al., 1999) 
whereas cell-ECM adhesion is brought about by molecules such as integrins 
(Humphries et al.,2006). Integrins link the substrate to the cytoskeleton of the cell 
with the help of multimolecular complexes involving molecules such as tailin 
(Horvitz et al.,1986; Critchley, 2009), vinculin (Bakolitsa et al.,2004), -actinin 
(Otey et al., 1990), which bind to the intracellular domain of integrins as well as 
actin (Geiger et al.,2009). Integrins can form multimolecular focal adhesion 
complexes, which not only provide adhesion to the matrix but also play a role in 
cell signaling (Hynes 2002; Humphries et al., 2006). Migrating cells that require 
cell-cell adhesion most often use the cadherin family of molecules for the 
purpose. Cadherins mediate homophillic adhesions with cadherins of neighboring 
cells. The intracellular domain of cadherin binds to proteins such as α-catenin, β-
catenin, p120-catenin etc., which regulate actin cytoskeleton, vesicular transport, 
and gene expression (Yamada et.al.,2005). Cadherin localization within the cell is 
highly regulated (Papusheva and Heisenberg, 2010) and they can be modulated 
in force dependent manner (Ladoux et al.,2010). These junctions can be 
heterogeneous in their molecular composition, dynamics and adhesive strength 
(Papusheva and Heisenberg, 2010) depending upon the requirement of the cell. 
 
Translocation (Fig 1.2) is the next step required during migration. This is further 
divided into two steps the retraction of the rear end where the adhesion is 
disassembled and the forward movement of the cell (Anderson et al.,1996). 
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Disassembly of the adhesomes is triggered by relaxation of the adhesion 
complex by the microtubules (Efimov and Kaverina, 2009) and cleavage of other 
proteins in the adhesomes. Dynamin and Focal adhesion kinase (FAK) is 
involved in this process (Ezratty et al., 2005). Then, the cell contracts by the force 
generated by the contractility of the acto-myosin complexes. These are 
specifically activated at the lagging edge of the cell by RhoA, which activates Rho 
associated kinase (ROCK). ROCK activates myosin light chain kinase, which in 
turrn activates myosinII (Worthylake et al.,2001, Vicente-Manzanares et al.,2002; 
Smith et al.,2003). MyosinII is the major myosin involved in this process 
(Chrzanowska-Wodnicka et al., 1996; Svitkina et al.,1997; Even-Ram et al.,2007; 
Vicente-Manzanares et al., 2007; Smith et al.,2003). Once the cell detaches from 
the back, the cell body moves forward. 
 
This is one cycle in the process of cell migration and this is repeated to bring 
about forward migration. These processes occur at localized places within the 
cell hence they have to be tightly controlled and regulated to bring about 
robustness to the migratory process. This can be brought about by extracellular 
signals which communicate to the cell and guide it during the course of migration.  
  
  
1.3 Guidance signaling during Migration 
 
Chemotaxis is defined, as a process wherein the cell migrates in response to an 
extracellular signal, which can either be attractive or repulsive in nature (Fig 1.1) 
 16 
(Ridley et al. 2003), wherein depending on the nature of the cue, the cells 
migrate either towards or away from it. For eg. immune cells respond to secreted 
chemokines to reach the site of infection/inflammation and to mount an immune 
response.  
 
The most important feature of chemotactic migration is being able to detect the 
gradient of the external cue, e.g. secreted ligands. Most cells are about 10-40 m 
long and there is about 2-10% difference in the concentration of the ligand in the 
front end of the cell as compared to its rear end. Being able to correctly compute 
this shallow gradient in space is a challenge that the migrating cells have to 
overcome to be able to migrate successfully towards the source of the ligand. 
One of the ways to achieve this is by having an internal amplification of the signal 
received from the external environment. The way this external signal is robustly 
computed by the cells is modeled but an understanding of this process is not 
complete.  
 
Along with the ability of the cell to respond to a small asymmetric gradient, the 
cell is required to respond to these small changes over a wide range of absolute 
concentration of the ligand, since the gradient constantly changes in space as the 
cells approach the source of the ligand. The cell has to adapt to these changes 
fast enough to bring about effective directed migration. This difference, once 
computed, is then translated into steering a motile cell by defining a front and 
back for it. To understand how does the cell compute the external ligand 
gradient, several models have been proposed. 
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One of the models described to achieve this is the local excitation - global 
inhibition model (Meinhardt,1999). This model describes the requirement of two 
simultaneous events to take place in response to detection of a higher ligand 
concentration. Where the concentration of the ligand is high, there is a local 
activation of a signaling molecule and a second event where, there is an 
inhibition of the same in the rest of the cell, more globally. This uses mechanisms 
to amplify the signal in the front of the cell ( e.g. PI3K and PTEN, discussed in 
section 1.2, Van Haastert and Devreotes, 2004).  
 
Another model which predicts the detection of a higher ligand concentration 
around the cell; is the local coupling model. This model assumes that the cell has 
a previously established polarity. This cell then extends lamellepodia which when 
coupled with many independent events of receptor activation establishes the 
front of the cell (Arrieumerlou and Meyer, 2005). 
 
The other features that are observed are, the activated receptors cluster towards 
the front of the cell. This clustering is active and microtubule dependent 
(Bouzigues et al., 2007). This can account for robustness conferred to the 
localized receptor activation despite the local fluctuations of the ligand 
concentration. Guidance receptor redistribution can occur via endocytosis and it 
has been shown that Rab11, a component of the recycling endosome is required 






Fig1.3: Signaling downstream of the RTKs. Pictorial representation of the Ras- MAPK 
signaling cascade downstream of the RTK activation. RTK can activate Ras which can 
activated Raf (MAP Kinase Kinase Kinase) which will inturn phosphorylate Mek (MAP 
Kinase Kinase) which will phosphorylate Erk (MAPK). Activated Erk will signal to 
downstream effectors such as Rho family proteins, etc. 
This guidance signal can be sensed by several guidance receptors such as, 
GPCRs, Growth factor receptors, integrins, neuronal receptors, etc depending on 
the context of migration and the migrating cell type. Further it will also have input 
from mechanical signals. Inputs from more than one of these signaling pathways 
may be integrated within the cell to bring about collective migration, a process 
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well coordinated in tissue space and in time. The integration of these pathways is 
still not understood. 
 
GPCRs are transmembrane proteins, which cross the membrane several times. 
The extracellular domain interacts with ligands, thereby activating it. Activation of 
the receptor leads to the release of the catalytic subunit in the intracellular 
domain from the regulatory ones. This has GTPase activity, which recruits and 
activates downstream effectors of the pathway. These receptors are repeated 
used to perform a repertoire of functions such as signaling by hormones, 
neurotransmission etc. In cell migration, migration of Dictyostelium discoideum in 
response to cAMP signal, makes use of these receptors (Ueda et al., 2001; 
Parent, 2004; Weijer et al.,2004). Another instance where these receptors are 
involves in migration is the migration of the fish primodial germ cells and fish 
lateral line which uses CXCR receptors (Dormann and Weijer, 2003). 
 
Receptor tyrosine kinases (RTKs), one family of Type I transmembrane proteins 
that is relevant for this thesis, can function as guidance receptors. They usually 
respond to growth factors such as epidermal growth factor (EGF), fibroblast 
growth factor (FGF), platelet-derived growth factor (PDGF), vascular endothelial 
growth factor (VEGF), etc (Fig 1.3). They have an extracellular domain, which 
binds the ligand, a transmembrane domain, and an intracellular domain. Upon 
receptor binding they homo or hetero dimerize (Fig 1.3). This, along with a 
conformational change, activates the tyrosine kinase activity in the receptor and 
the monomers in the dimer cross- phosphorylated each other. This creates 
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docking sites for downstream effectors, which when recruited are most often 
phosphorylated by the receptor. Several downstream signaling pathways (Fig 
1.3) such as PLC, PI3K pathway are known to be activated downstream of the 
RTKs via the sh2 (Pawson et al., 2001) or PTB domains. One of the most 
extensively studied pathways is the Ras/MAPK (mitogen activated protein 
kinase) pathway because of its relevance in cancer metastasis (Fig 1.3) (For 
review, Schlessinger,2000; Hubbard and Miller, 2007).  
 
Ras, a monomeric transmembrane small GTPase, is involved in transmitting 
signals within the cell. It is activated downstream of signaling receptors such as 
RTK, involved in growth, differentiation, migration etc. Ras is bound to guanosine 
diphosphate (GDP) in its inactive state (Fig 1.4). It can be activated downstream 
of the receptors, and it then becomes guanosine triphosphate (GTP) bound (Fig 
1.4). For instance, RTK, upon activation recruits the Grb2/Sos complex. Adapter 
protein Grb2 is recruited to the activated RTK which then recruits the Ras GEF 
Sos. This brings about Ras activation by exchange of GDP for GTP (Fig 1.4). 
The cell usually maintains a 10:1 ratio of GTP:GDP in the cytosol, so exchange 
for GTP is ensured. The inactivation of Ras is brought about by 
dephosphorylation of GTP to GDP. Ras has intrinsic GTPase activity, which is 
accelerated by specific Ras GTPase activating protein (GAPs, Fig 1.4). 





               
Fig 1.4: Activation of GTPaes: Pictorial representation of activation and inactivation of 
a small GTPase such as Ras by GEF and GAP respectively.  
 
 
Once in the GTP bound state, Ras can activate a myriad of downstream effectors 
such as PI3K, Raf, etc. Raf a MAPK Kinase Kinase inturn activates Mek, a MAPK 
Kinase by phosphorylating it. Mek activated Erk, a MAPK. Erk recruits several 
downstream effectors. The ones relevant for cell migration are the Rho family of 
GTPases. Rho family of GTPases can be activated by several other GEFs as 
well (Rossman et.al.,2005). 
Rho family GTPases plays an important role in cell migration because they 
regulate the dynamics and remodeling of the actin cytoskeleton. The activation 
and regulation of the Rho family of GTPases is similar to that of Ras, involving 
GEFs and GAPs. GDP-dissociation inhibitors (GDIs) add an additional level of 




Among the Rho family GTPases, Rac, Cdc42 and RhoA are the most well 
studied ones.  Rac1 and Cdc42 can activate WASp (Wiskott-Aldrich Syndrome 
protein). Upon activation, WASp interacts directly with actin and nucleates new 
actin filaments from G- actin present in the cytoplasm. It also interact with many 
other actin binding proteins one of them being the Arp2/3 complex. WASp 
promotes activity of the Arp2/3 complex, which also directly binds actin and 
promotes lateral branching of acting filaments (Pollard and Borisy, 2003). This 
leads to the formation of a branched actin meshwork, usually observed in the 
protrusions from the cells. The actin is added at the end closer to the membrane 
thereby providing the force to push the membrane outward or forward at the 
leading edge of the cell.  
 
Upon Rac activation, WAVE/SCAR proteins of the WASp family are also 
activated (Machesky and Hall, 1997). Rac is activated by several GEFs such as 
Tiam1, DOCK180 (ELMO in Drosophila) and Vav subfamily. Along with WASp it 
also activates, by phosphorylation other proteins such as RLC, LIMKinase. LIMK 
inhibits cofilin, which is involved in severing actin filaments (Yang et al., 1998). It 
further inhibits Myosin light chain kinase, which fits with its role at the leading 
edge of the cell (Sander et al., 1993). 
 
Cdc42 activates WASp as mentioned earlier and also coordinates activity of 
several proteins required at the leading edge such as PAK (Manser et al., 1994), 
IQGAP  (Osman et al., 1998) required to control actin and microtubules. In some 
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cells it is also involved in maintaining polarity and polarity proteins such as aPKC 
and PAR proteins (Etienne-Manneville et al., 2003). 
 
RhoA activity is required at the back of the cell as it inactivates Myosin light chain 
phosphatase. Myosin II activity is required at the back of the cell for retraction. 
RhoA also binds to and activates mDia1, a formin which helps in bundling actin 
and promotes formation of filopodia (Watanabe et al., 1997; Campellone et al., 
2010) and also has a role in microtubule dynamics (Watanabe et al.,1999; Wen 
et al.,2004) indicating that it cant be completely absent from the front of the cell.  
 
The mechanisms of coordination of these different functions in the space of the 
cell and in time under the action of the guidance signaling are beginning to 
emerge.  
 
1.4 Studying the dynamics of guidance signaling and its effectors 
 
To understand the guidance signal and how it is computed, to understand how do 
the cells respond to ligand gradients where the absolute concentration of the 
ligand changes over space and time as the cells migrate, one needs to be able to 
visualize the incoming guidance signal. Further this will help us to test the models 
postulated to explain the response of migrating cells to guidance signaling. This 
will also allow understand how do the cells simultaneously deal with the problems 
of the non uniform tissue geometries and respond in a robust and simultaneous 
manner to signals from the ligand and mechanical signals from adhesion to the 
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surrounding, rigidity of it, etc. Hence it is important to be able to visualize the 
spatio-temporal dynamics of the guidance signal. 
 
Several attempts have been made to visualize guidance signaling. It faces 
several stumbling blocks, as it is very hard to recapitulate the in-vivo conditions of 
the incoming guidance cues in tissue culture. We do not understand the nature of 
the signal or how is it transmitted through the 3D tissue environment to the 
migrating cells. Moreover it is emerging that the guidance signaling at an 
endogenous level is very low hence detection becomes more challenging. This 
further requires being able to culture the whole tissue and successfully image 
deep within it, over time. To overcome some of these problems, people artificially 
amplify the signal before detection. This approach is more efficient in reporting 
the signal as an on and off switch and making it harder to study the graded 
dynamic response to the ligand gradients. Despite these problems, several 
attempts have been made to visualize these signals and we are beginning to 
understand the guidance signal. 
 
Dictyostelium offers a simple model to study this, as it is a unicellular organism, 
which responds to external signals, hence one does not have to deal with a 
complex 3D tissue space making it very easy to image. When starved the 
individual come together to form a multicellular structure that will generate 
dormant spores until food is available again. When food is a scarcity, they 
produce cAMP and respond to it to come together as a single spore-forming unit. 
This signal is sensed by GPCRs. Upon GPCR activation, Ras is activated which 
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in turn activates PI3K. To be able to visualize this signal, the downstream 
effector, PI3K kinase activity was visualized by visualizing PIP3 localization. It 
was found to be present in the front of the cell and eliminated from the rest of the 
cell by the activity of PTEN (Ueda et al.,2001; Funamoto et al., 2002) This 
represents that the migrating cell is polarized, as would be required for migration 
and provides evidence for the local excitation- global inhibition theory, but it is too 
far removed from the receptor to be able to report the activation or dynamics of it.  
 
Ras plays an important role in certain types of cell migration and can act as an 
oncogene. Ras has a unique property of being both, directly downstream of the 
receptor and being membrane localized hence making it a more direct read out of 
the receptor signaling. Fluorescence resonance energy transfer (FRET) based 
Ras probe, Ras and interacting protein chimeric unit (Raichu) have been 
developed to visualize Ras activation in live (Mochizuki et al., 2001). This has 
been visualized in several cell lines and it has been shown that the sustained 
Ras activity is due more activation of Ras by GTP and not necessarily due to 
retention of active Ras. Ras activities at places other than the plasma membrane, 
such as the endosomes, are being visualized (Lu et al., 2009). This is providing a 
better understanding on how does the same signal, that of Ras activation; 
provide varied outcomes in the cell. However, this probe is better suited for 
visualization in tissue culture where imaging is very efficient because of a good 
signal and single cells, a requirement to pick up FRET signals. The disadvantage 
of this system is that it requires a fair amount of signal to detect it quantitatively, 
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(usually achieved through a 5 fold-over expression) hence low levels of 
endogenous signals would not be detected efficiently. 
 
FRET based probes have also been developed for Rho GTPase family of 
proteins, Rac, RhoA, Cdc42 (Itoh et al.,2002; Gardiner et al.,2002, for review 
Pertz and Hahn 2002). Detailed image analysis has revealed the sequence of 
their activation at the leading edge of the cell and it was shown that each of them 
are sequentially activated. Further it was shown that their activation is cyclic and 
this is what might help to coordinate the complex actin dynamics at the leading 
edge (Machacek et al., 2009). The understanding of how does this happen in 
response to the receptor activation is still missing, as this is visualization of 
spontaneous activation of these molecules. This may not be the case in guided 
migration. However, this provides hints as to what can be tested in an in vivo 
system. 
 
Being able to detect receptor activation in vivo has still been a challenge. This 
has also been attempted. Tango probes have been developed for many kinds of 
GPCRs, RTKs, Hormone receptors, etc (Barnea et al., 2008). This technology 
couples the activation of the receptor with a transcription factor that will activate a 
reporter gene. Hence it can report the activation of a receptor, but this can only 
be done as a one time event, and reporting is not in real time as there is a long 
time lag between activation of the receptor and it being reported. This has given 
us insights into the involvement of the receptor in developmental events or 
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signaling pathways but it is not useful when we want to be able to track a 
dynamically changing signal in space and time as in the case of a migrating cell. 
 
Activated receptor has also been visualized using antibodies specific to the 
activated form of it, in several cases. Activated PVR has been visualized in 
Drosophila border cell (Jannsen et al., 2010), discussed later. 
 
 
1.5 Drosophila as a model system 
 
Cell migration has been studied in various contexts, Dictyostelium, migrating cell 
lines such as MDCK, Fibroblasts, cancer cell lines. This has given us valuable 
insight into the machinery involved in the process but it still lacks the 3D context 
of the complex tissue environment. 3D environments have been modeled using 
matrigels etc, and it has been shown that rigidity of the substrate will change the 
migration behavior of the cells. However this cannot mimic the in vivo 
environment of tissue. When migrating within a tissue cells face a complex 
environment of signaling molecules to which they respond, to understand this 
better, it is best suited to study the migration behavior in vivo. This has been 
studied in several contexts of in neuronal migration in mouse, lateral line and 




Drosophila is a genetically tractable model, very easy to grow and maintain in the 
laboratory. It has a short life cycle, 10 days at 250C hence it can be used for 
conducting elaborate genetic experiments. Drosophila has been used as a 
genetic model for over a 100 years, since its use in Thomas Hunt Morgan’s 
laboratory as a consequence of which several elegant tools have been 
developed for ease of genetic manipulation. There is a vast library of both loss 
and gain of function mutants and RNAi lines. It is relatively easy to generate 
transgenic flies. Elaborate techniques have been developed to control the spatio- 
temporal expression of both the mutants and the transgenes. Expression of 
transgenes in a tissues specific or spatially restricted manner is simple using the 
binary UAS-Gal4 system (Brand and Perrimon, 1993). Further more, temporal 
control of transgene expression is also easily achieved, using the Flp-FRT sytem 
 
During Drosophila development several cell migrations occur which can be 
imaged and studied, they are migration of the primodial germ cells towards the 
prospective gonads, dorsal closure, migration of the axons to find the correct 
sites to form neuronal connections, border cell migration.  
 
 
1.6 Border cell migration in Drosophila, a model for guided cell migration in 
vivo 
 
Drosophila oogeensis occurs in a pair of ovaries in the female abdomen. Each 
ovary consists of several ovarioles. Each ovariole consists of a string of 
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developing egg chambers. At the anterior tip of each ovariole, there is a 
germarium, which consists of both germline and somatic stem cells (Margolis and 
Spradling, 1995, de Cuevas et al.,1997). Upon asymmetric division of a germline 
stem cell, to give rise to a stem cell and a differentiating germ cell. This 
differentiating germ cell undergoes 4 rounds of mitosis with incomplete 





Fig 1.5. : Development of the Drosophila Germline and border cell migration. The 
top panel is a schematic representation and the lower panel is an immunofluorescence 
image of the developing ovariole. During stage 8, the border cells are specified around 
the polar cells in the anterior follicular epithelium of the developing egg chamber. During 
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stage 9, they invade the surrounding germline and migrate posteriorly towards the 
oocyte. Then they perform dorsal migration along the nurse cell oocyte junction to reach 
the dorsal end of the oocyte by stage 10 of development. Adapted with permission from 
Nature Reviews. In the lower panel, green marks the nuclei and red marks all the 
membranes of the germline. The yellow arrows show the border cell specification at 
stage 8 and the migrating cluster at late stage 9. 
 
cytoplasmic bridges called ring canals. One germ cell forms the oocyte and the 
remaining 15 of them form nurse cells. As the name suggest, the nurse cells, 
produce RNA and proteins for the developing oocyte. The oocyte is located at the 
posterior end of the developing egg chamber. The egg chamber eventually 
becoems surrounded by a layer of follicular epithelium. The apical surface of this 
epithelium faces the germ cells. To encompass the growing germ cells, the 
follicle cells undergo several rounds of division. At the anterior and posterior end 
of the egg chamber, 2 follicle cells acquire a different fate. They are called polar 
cells (as shown in Fig 1.5) and they are distinct from the neighboring follicle cells 
in terms of morphology and molecular markers. They are though to signal to the 
neighboring cells (Gonzalez-Reyes and St. Johnston, 1998). The cells closest to 
the anterior follicle cells are specified to become the border cells. The follicle cells 
around it become the stretch cells, and the centripetally migrating follicle cells. 




The pole cells secrete unpaired (Upd) a ligand for Domeless receptor, which 
specifies the cells near it to become border cells (Silver and Montell, 
2001;Beccari et al., 2002). This signals through the JAK/STAT pathway (Harrison 
et.al.,1998). One of the consequences of this signaling is expression of a 
transcription factor, slbo, which is specifically expressed in the border cells and 
later on in the centripetal cells. This is the homologue of the CCAAT/ enhancer 
binding protein (C/EBP). This is expressed in the border cells from stage 8, just 
prior to migration and it is essential but not sufficient for the migration of the 
border cells (Montell et al.,1992). This implies other targets of JAK/STAT are 
required for the migration of the border cells. 
 
The border cell cluster along with the two polar cells and 6-8 outer border cells 
around it, delaminate from the surrounding follicular epithelium and migrate 
posteriorly, in between the nurse cells towards the oocyte.  
 
Fig 1.6: Signaling during border cell migration. PVR and EGFR are redundantly 
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required during posterior migration whereas dorsal migration depends on EGFR. 
Adapted with permission from Rørth, 2003. 
 
Throughout the migration the polar cells are centrally located within the cluster 
and are non-motile, being passively carried by the motile cells around them (Han 
et al., 2000). Once they reach the oocyte, they migrate dorsally along the oocyte 
towards the oocyte nucleus (Fig 1.6, Lower panel). This whole process of 
migration takes about 2-6 hours. At a later stage in development, they contribute 
to the formation of a structure called micropyle, which has a hole through which 
the sperm can enter the oocyte. If the border cells do not migrate properly this 
structure cannot be formed, thereby leading to female infertility (Montell et al., 
1992). The remaining follicle cells contribute towards the formation of the vitelline 
membrane and the chorion, which protect the developing embryo. 
 
Migration of the border cell cluster is a guided process. Oocyte is the source of 
the guidance cues, such as PDGF/VEGF homologue factor 1 (PVF1), Gurken, 
etc, which attract the border cells towards it. Border cells express two receptor 
tyrosine kinases (RTKs), PDGF VEGF like Receptor (PVR) which specifically 
binds PVF1 and Drosophila Epidermal growth factor Receptor (DER) which binds 
several ligands such as Gurken, Spitz, Vein, etc (Duchek and Rørth 2001, 
Duchek et al., 2001), which sense these cues. It has been shown that if PVF1 is 
ectopically expressed in the germline cells, it causes a severe delay in the border 
cell migration (Duchek et al., 2001). Both the guidance receptors are redundantly 
required for the posterior migration whereas the dorsal migration depends solely 
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on DER signaling (Rørth, 2003). This is in response to the asymmetric 
localization of Gurken near the oocyte nucleus at the antero - dorsal side of the 
oocyte.  
 
Careful genetic analysis showed that even when the RTKs are redundant during 
the posterior migration, different phases of migration exist. There is an early 
phase of migration requires ELMO activity which is not so important during the 
later phase of migration and dorsal migration. The later phase of posterior 
migration requires the Mek-MAPK activity, as clusters lacking these genetic 
components were delayed in the later stage of migration. This was observed 
even though Erk was not localized in a polarized was in the cell, a requirement 
for guidance. This indicated that two distinct signaling pathways were used by the 
RTKs during posterior migration and they shift from one to another during the 
course of migration. This could be because of the nature of the gradient changes 
as they approach the source of the guidance cues. This analysis was performed 
in fixed samples and the cell behavior could not be assayed from these 
experiments. Furthermore, even though the RTKs were redundantly required, it 
could not be assayed whether this was dependent on one or both RTKs (Bianco 
et al., 2007).  
 
A system of live imaging has been previously set up to visualize this migration in 
live. Briefly, the stage 9 egg chambers are dissected and cultured in Schneider’s 
medium with insulin, fetal calf serum and other factors for about 2.5 hours. As 
these egg chambers develop under culture conditions, a time-lapse video of the 
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border cell cluster migration is captured using a confocal microscope (Bianco et 
al.,2007; Prasad and Montell, 2007; Cliffe et al., 2007). The live imaging revealed 
that even though the cells within the cluster are closely associated during the 
entire course of migration, they frequently change positions with each other 
especially during the late phase of migration. Furthermore it revealed two phases 
during posterior migration. The early phase characterized by a faster speed and 
the late phase characterized by a slower speed where the clusters were more 
rounded and the cells changed positions more frequently (Bianco et al., 2007). 
This was a very interesting observation and the next step was to understand the 
underlying cause and the genetic basis of these distinct behaviors. One needs to 
understand guidance signaling and how it affects and potentially regulate the 
behavior of the border cell cluster, these two questions form the basis of this 
thesis. 
 
To visualize guidance signaling an antibody specific to the activated or 
phosphorylated form of PVR receptor was raised previously in the lab. An 
antibody specific to the phosphorylated form of the 1428th amino acid residue of 
tyrosine in PVR was generated in the lab (Janssens et al., 2010). PVR can be 
phosphorylated on several residues in a context dependent manner and 
phosphorylation of this particular residue was important for guidance signal in the 
border cells. This study showed that activated receptor had a preferential bias 
towards localization in the front of the leading cell of the cluster. The PVR 
antibody, which detects the total PVR irrespective of its activation status, is 
localized all around the cell. The phopho-PVR antibody showed a preferential 
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enrichment at the front of the cluster and the back of the cluster some of the 
times. This showed a non-uniform localization of the activated receptor within the 
cluster. The PVF1 ligand activity was not essential for this preferential bias of the 
localization of the activated receptor. This was shown to be stringently dependent 
upon receptor trafficking (Janssens et al., 2010). This antibody, however, could 
not detect the endogenous level of phosphorylated receptor. For detection, the 
receptor had to be over-expressed under the slboGal4. Hence, this remains to be 
further confirmed in an endogenous scenario and with the other guidance 
receptor, DER. Dynamics of this signaling cant be studied using this tool, hence a 
biosensor probe was needed to further understand the guidance signaling. 
 
 
1.7 Specific aims of this project 
 
My PhD project had two aims, 
 
 Understanding the behavior of the border cell migration. The aim of this is 
to describe the characteristics of behavior of the wild type cluster and 
determine the genetic basis of it. This part of the project was carried out in 
collaboration with Minna Poukkula.  
 
 Visualizing and characterizing the endogenous guidance signaling in 
space and in time. This has never been visualized before. To develop a 
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biosensor probe to be able to visualize the guidance signaling downstream 
























Analysis of cell behaviors during migration of the border cell 
cluster 
 
Until recently border cell migration could not be followed in live. Recently, culture 
conditions were optimized to be able to culture the intact egg chamber outside 
the fly, which allowed the imaging of the border cell migration (Prasad and 
Montell, 2007; Bianco et al., 2007). This allowed for the first time to be able to 
follow this migration in space and time. The border cells were specifically labeled 
with GFP to be able to visualize their migration through the germline by 
expressing UASGFP under the control of a border cell specific Gal4, slboGal4. 
This revealed interesting behaviors of the cluster, which switched during the 
course of migration. It was found that the early phase of migration is 
characterized by a faster speed compared to the late phase of migration. Further 
during the late phase of migration, the cells changed their relative positions in the 
cluster more frequently compared to the early phase of migration as shown in Fig 
2.1.1 (Bianco et.al, 2007).  
 
To characterize these behaviors and understand the underlying basis for it, we 
systematically analyzed these behaviors. This was done in two ways - quantifying 




Figure 2.1.1.  Live imaging of border‐ cell migration. It revealed two distinct phases 
of  cell behavior  during  posterior  migration.  a,  Early  migration. Cluster migrates 
rapidly with elongated, polarized morphology.  The asterix marks the leading cell.  
CD8–GFP (green) marks border   cells and red  showed   membranes   labeled   with  
FM  4‐ 64.  b,  Late  migration, demonstrating  shuffling. Individual cells (marked a–
c) change position within  the cluster (arrows). GFP images are a projection of 
Z‐ sections; FM 4‐ 64 images are a single confocal section corresponding to the 




analysis of the fixed samples was done to provide support for the data obtained 
from analysis of time-lapse images to test that both the data are comparable. 
Hence it would test whether the culturing of stage 9 egg chambers and times-
lapse imaging of border cell migration alter the migratory behavior.  
 
2.1.1. Method of analysis of migratory behavior  
 
To characterize the migratory behavior clusters, which are wild type or genetically 
perturbed to affect the guidance signaling were analyzed. All these experiments 
were performed in cluster expressing UAS10xGFP under the SlboGal4.  
 
To test if the speed of migration varies in early and late phase of migration, ex 
vivo; it was compared to in vivo fixed samples. The numbers of clusters in each 
phase of migration were counted. Clusters were observed to be present more 
frequently in the late stage compared to the early phase of migration. This 
indicated that since there was a higher probability of finding a cluster in the late 
phase of migration the speed of migration is slower in the late phase compared to 
the early phase of migration. This is in agreement with the ex vivo conditions, 
suggesting that the dissection, culture conditions and imagining represent the 
migratory behavior as that in vivo (as presented in Bianco et al., 2007). To test if 
other parameters measured were also the same in both the cases, fixed samples 
were measured. Several movies of the wild type migration were made marking 
the cells with both the cd8GFP and 10xGFP. 10xGFP was brighter and the small 
extensions were visible more clearly in the same. Many time-lapse videos were 
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observed and visually, lots of variations were found between them. Hence to 
characterize this migratory behavior and compare between genetic perturbations, 
we needed to determine parameters to measure and compare across samples.  
 
To determine which parameters of migration to measure, the wild type behavior 
was observed. It was found that the behavior of the early and late phase of 
migration differ in speed, in the shuffling of the cells within the cluster (wherein 
the cells within the cluster exchange positions with each other), the type of 
protrusions, etc. To characterize these differences, the early and late phase of 
migration were separated as follows: early phase of wild type migration was 
defined as migration upto 50% of the entire path of posterior migration and late 
phase of migration was defined as migration from 50% to the end of posterior 
migration. Since we were characterizing the anterior to posterior migration only, 
clusters were analyzed before they touched the oocyte, so as not to introduce 
aspects of dorsal migration within it. The distinction between the early and late 
phases was set at 50% because usually around that point, the behavior was 
observed to change, hence 50% of migratory path was determined as a point to 
distinguish between the early and late phase of migration for comparison 
between the two phases across many samples. 
 
Early phase of migration was characterized by faster speed, elongated cluster 
with a lead cell, where the cluster demonstrated a more sliding movement and 
the border cells did not change positions with each other frequently. It was 
usually characterized by a prominent front protrusion, also referred to as an 
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extension for the purpose of this discussion (panel a, Fig 2.1.1), while the late 
phase of migration was characterized by a slower speed of migration with a 
shuffling movement, wherein the border cells changed positions very frequently 
with each other. A distinct lead cell was usually not present. A prominent front 
extension was usually lacking in this phase. This more chaotic type of behavior 
was referred to as the tumbling behavior (panel b, Fig 2.1.1). 
 
To understand the difference in elongation of the cluster in the early and late 
phase of migration, the shape of the cluster was measured as a ratio of the 
maximum length (in direction of migration) to the maximum breadth  (in 
direction perpendicular to direction of migration) of the cluster (a, Fig 2.1.2).  
 
 
Figure  2.1.2: Measurements using fixed sample. Early WT sample with cd8GFP 
channel is shown. This along with the Phalloidin-RFP chanel were used to measure 
cluster shape as shown in (a), and count the number of thick and thin extension (b) 
and measure the direction of these extensions (c). 
 
To understand the difference between the extensions in the two phases of 
migration, the extensions were categorized into thick (> 0.4m in thickness) and 
thin (< 0.4m in thickness) extensions (b, Fig 2.1.2). The length of the extension 
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from the cluster was measured. Each of the two categories of extensions was 
then expressed as thin or thick extensions per cluster. The direction of extension 
was measured, as an angle of extension when measured clockwise with the 
direction of migration as 00. To understand if there is a preference in the 
direction of the extension, the cluster was divided into the front quadrant defined 
by the 450 angle on either side of the 00 in the direction of migration, hence a 
total of 900; and the rest of the cluster (c, Fig 2.1.2). The type of each extension 
in the different quadrants was measured in every cluster (c, Fig 2.1.2). These 
parameters were quantified in the fixed sample stained with DAPI (to label the 
DNA) and Alexa543 conjugated Phalloidin (to label actin, which would mark the 
membranes, in this case). 
  
To quantify these parameters in the time-lapse videos, an automated macro 
developed by Adam Cliffe, in ImageJ, was used. The macro measured the 
instantaneous speed, which is the speed of the cluster from one time frame to 
the next. It also measured net speed of the cluster, which is calculated by the 
displacement between the first and the last frame of the time-lapse video by time 
taken. This parameter can be directly measured only in videos. It defined the 
extensions (Fig 2.1.4) and measured their direction (Fig 2.1.4), their area and 
their persistence over time. These are discussed briefly in materials and 
methods, for further details, see Poukkula et al., 2011. 
 
2.1.2. Analysis of wild type 
 44 
 
Wild type egg chambers were dissected and fixed for analyses (88 egg 
chambers were analyzed manually, 42 in early and 46 in late phase of 
migration). It was observed that in the early phase the cluster is significantly 
more elongated compared to that in the late phase of migration. I also analyzed 
the extensions and found that the thick extensions in the early phase of 
migration and in the late phase of migration were similar, albeit there were more 
thin extensions in the late phase of migration. Presence of thick extension is not 
dependent on the phase of migration. This also shows that elongation of the 
cluster is a property of the arrangement of the cells and not only of the presence 
of a thick extension in the front of the cluster, as elongation of the cluster 
changes with the phase of migration but the number of extensions does not. 
This does not take into account the length of the extension. It could be possible 
that in the early phase of migration the thick extensions are also longer, however 
this could not be accurately measured, as distinction of extension from cell body 
was subjective. The distribution of extensions around the cluster was uneven. 
There were more thick extensions in the front quadrant of the cluster, as 
compared to the rest of the cluster.  
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Figure  2.1.3 : Quantification of parameters of migration in wild type. 42 early and 
46 late stage migratory clusters were measured for cluster shape and extension 
distribution and direction as described in Fig 2.1.2. (a) shows the shape of the cluster, 
in the early and late phase of migration. The difference between early and late phase 
of migration is significant (p < 0.001). Error bars show SD. (b) shows the average type 
of extensions in each cluster in the early or late stage of migration. The extensions are 
divided according to their thickness, thick >0.4m and thin <0.4m.  (c) shows the 
direction of the extensions on average around the cluster depending on their size. 
 
The number of thin extensions in the rest of the cluster were also reduced 
compared to the front of the cluster (rest of the cluster has ~3 times more 
circumference than the front quadrant). Hence most extensions, both thick and 
thin were found in the front quadrant of the cluster i.e. in the direction of 
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migration. This indicated that the front extension is more persistent. This was 
tested in the time-lapse videos. It has been shown in several studies that the 
front extension could contribute to force generation. If this is the case in border 
cell migration, then this would translate into a correlation of the extension size or 
persistence with the instantaneous speed of the cluster.  These parameters 
were measured in videos of wild type. 
 
The net cluster speed, as discussed earlier, was found to be 0.9m/min in the 
early phase of migration and ~0.41m/min in the late phase of migration (A, Fig 
2.1.4). The early phase of migration was significantly faster than the late phase 
of migration. The extensions per frame were measured in both the early and late 
phase of migration. As in the fixed samples, there were found to be more 
extensions in the front of the cluster (green bars, C, Fig 2.1.4), compared to the 
back and side of the cluster put together (black and grey bars, C, Fig 2.1.4), 
which constitute the rest of the cluster as in the fixed samples. There are more 
front extensions in the early phase of migration compared to the late phase of 
migration. This could be due to various reasons, one of them being that the 
shorter but thick extensions are not recognized well by the macro. It could also 
be that the sample size of the fixed sample analysis is low and to see these 
small but significant differences one would need a larger samples set. This 
indicated that there are more extensions in the front or that the extensions are 




Figure  2.1.4 : Quantification of parameters of migration in wild type in time-
lapse videos. (A) represent the net cluster speed in the early and late phase of 
migration. (B) A- shows the projected GFP image of wild type border cell cluster (Slbo 
Gal4 UAS10xGFP) and A’ shows the distinction of extensions (red) by the macro from 
the cluster body (blue). Arrow represents direction of migration of the cluster. The 
quadrangles represent the front (green) back (black) and side (grey) of the cluster. (C) 
represents the mean of the total number of extension per frame (n = 1,336 [early] and 
2,350 [late] frames). The differences are statistically significant (p<0.001). (D) 
represents the average life-time of an extension. Error bars denote SEM.  
the macro and it was found that the extensions in the front of the cluster are 
more persistent in the front quadrant of the cluster, both in the early and the late 
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phase of migration (Green bars, D, Fig 2.1.4) whereas they were even more 
persistent in the front quadrant in the early phase of migration, as compared to 
the late phase.  
 
Most of the extensions (~60%) were front biased both in the early and late 
phase of migration. In the early phase of migration the number of front extension 
is higher, and the persistence of extension is also longer. This is one of the 
major differences between early phase of migration and late phase of migration. 
Since the early phase of migration has a faster speed (almost twice as fast) 
compared to the late stage of migration, it indicated that there could be some 
relation between the persistent thick front extensions to the faster migration 
during the early phase.  
 
The correlation between the size of extension and instantaneous speed was 
calculated. It was found to be moderately correlated to the same in both the 
early (A, Fig 2.1.5) and late (C, Fig 2.1.5) phase of migration. Further, the data 
was binned according to extension size (B and D, Fig 2.1.5). It was found that 
the difference in velocities according to extension size is highly significant (p < 
0.001). The velocity with the presence of a large front extension is ~2-3 fold 





Figure  2.1.5: Relationship between speed of migration and size of front 
extension Correlation between front extension size and instantaneous speed in 2D 
projection in the direction of migration (X speed in m/min). Scatter plot with best-fit 
linear regression between extension size and speed during early (A) and late phase (C) 
of migration. Front extensions were binned according to size (> or <30 m2) and it 
shows a correlation with speed in m/min. None defines the cluster frame which had no 
front extension above 3 m2. Error bars represent SEM. See Poukkula et al., 2011. 
 
Further it was shown that there is a significant front- directed velocity even in the 
absence of a front extension (white bar, B and D, Fig 2.1.5) indicating that there 
are other factors as well contributing to the forward migration. When the early 
and late phase of migration were compared, it showed a decrease in the speed 
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of migration for a similar extension size bin. Even though in the same bin, the 
early phase of migration had more and larger front extensions as seen in the 
spread of the size of extensions (A and B, Fig 2.1.5). This indicated that the 
difference between the early and late phase of migration is the ability to grow 
and maintain a front extension, which contributes towards a faster speed of 
migration. 
 
2.1.3 Analysis of migratory behavior on perturbation of guidance signaling 
 
Guidance signal is required for effective forward directed movement (Duchek et 
al.,2001). Hence we next examined if the perturbation of guidance signaling 
affects the behavior of the migrating border cell clusters. The guidance signal 
was perturbed by expressing dominant negative receptors and over-expressing 
the full-length receptor. 
 
Dominant negative (DN) receptor is a truncated form of receptor,  
which has the extracellular domain but lacks the intracellular domain, which 
signals to the downstream signaling pathways. When expressed these 
constructs sequester the ligand and thereby the guidance information provided 
by ligand gradient is perturbed. DN-receptors were expressed in a tissue specific 
manner to avoid other developmental defects, which can be caused by 
perturbation of RTK signaling. Expression of dominant negative RTKs has been 
shown to effectively perturb the guidance signaling, thereby perturbing guided 
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migration (Duchek et al.,2001). 
 
When PVR signaling was perturbed, by expression of DN-PVR, the cluster 
seemed to tumble more in the early phase of migration (Panel 1 and 2, Fig 
2.1.6). a and b mark the positions of two distinct cells followed over time, 
showing that cells shuffle more. The cluster appeared more round and speed of 
migration was reduced. When PVR was over-expressed in the border cells 
under slbo Gal4, the cluster migrated in a sliding manner with a higher speed 
both in the early and late phase of migration (Panel 3 and 4, Fig 2.1.6). The cells 
did not change their relative positions that frequently over time, as shown in Fig 
2.1.6, lower two panels. This was quantified in fixed samples, and it was shown 
that when DN-PVR is expressed, the cluster is significantly more round (n=58, 
p<0.001) in the early phase of migration as compared to wild type, whereas 
UAS-PVR clusters were more elongated as compared to the wild type late 
phase of migration (a, Fig 2.1.7). When the extensions were analyzed in these 
genetic perturbations, DN-PVR showed a reduction in the thick extensions in the 
cluster, both in the early and late phase of migration (b, Fig 2.1.7). Thin 
extensions were similar in both the early and late phase of migration and did not 
change as in wild type. The reduction in the thick extensions was mainly from 




Figure  2.1.6 : Time-lapse videos of PVR perturbation. The border cell cluster is 
green (GFP) is 2D projection of all the Z sections. Red shows a single optical place of 
FM 4-64 marking the cell membranes of all cells of the egg chamber. Top two panels 
show few time point stills from a time-lapse video of DN-PVR (UAS DN-
PVR/+;SlboGal4 10xGFP/+) in the late phase of migration, whereas the bottom two 
panel shows the PVR over-expression videos (UASPVR/+;SlboGal4 10xGFP/+) in the 
early phase of migration.  Arrows a and b show the change in the relative position of 
same cells within the cluster. Scale bar 20m. 
 
Upon PVR over-expression the reverse was observed, wherein there was a 
drastic increase in the number of thick extensions both in the early and late 
phase of migration (b, Fig 2.1.7). This increase was more pronounced in the 
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front of the cluster (c, Fig 2.1.7) as the rest of the cluster has at least 3 times 
more circumference than the front. Hence PVR showed a more early type 
behavior. To test this in the videos, the speed was analyzed in different 
perturbation of PVR (A, Fig 2.1.8). When PVR function was disrupted by DN-
PVR, PVF1 mutant or PVR-RNAi, they showed a reduction in the early speed 
of migration, whereas the late speed was similar to wild type. When PVR was 
over-expressed, the speed was migration was similar in the early phase of 
migration whereas it was significantly higher in the late phase of migration (A, 
Fig 2.1.8), indicating that PVR is responsible for early type migratory behavior. 
This was further confirmed when the extensions were analyzed. The number of 
extensions were reduced in the front in the early phase of migration when PVR 
function was disrupted (B, Fig 2.1.8) whereas they were comparable to wild 
type in the late phase of migration. Upon PVR over-expression, number of 
extensions both in the early and late phase of migration increased significantly 
(B and C, Fig 2.1.8), agreeing with the data from the fixed samples. Hence 
PVR was required for early type of migratory behavior. All these required the 
presence of PVR ligand. Hence PVR was not only required but was sufficient 
for early type of migration. Further, this showed that PVR could signal over a 
range of receptor over-expression. This also showed that, when over-
expressed PVR was dominant over DER. This was further supported by the 
block of DER- Gurken dependent dorsal migration along the oocyte towards 





Figure  2.1.7 : Analysis of effect of PVR perturbation in fixed samples. Total 58 
fixed egg chambers (27 early and 31 late) of DN-PVR and 54 fixed egg chambers (24 
early 30 late) of UAS PVR were analyzed. (a) cluster shape in the early and late 
phase of migration with different perturbations of PVR signal. The cluster was 
significantly (p < 0.001) more round in dnPVR expression, compared to wild type. b 
and c) represent the average distribution of extensions in the cluster according to type 
of extension and direction of extension in perturbation of PVR signal. 
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Figure  2.1.8 : Analysis of effect of PVR perturbation in time-lapse videos. The 
net speed of the border cell cluster was measured when PVR function was blocked in 
DN-PVR, PVF1-/-( a Pvf11624 homozygous female), PVR RNAi, all expressed under 
slboGal4. (A) Represents cluster speeds. All differences to control are significant (P < 
0.02), except early PVR and late Pvf1−/−. n = 5–16 movies. B and C)  Repsent the 
measurement of extensions per frame (n > 230 per genotype and stage). All values that 
appear different are statistically significant (P < 0.02). The number of long-lived (P(t) – 
time of persistence) is shown below. These are rare, and most differences are not 





Figure  2.1.9: Time-lapse videos of DER perturbation. The border cell cluster is 
green (GFP) is 2D projection of all the Z sections. Red shows a single optical place of 
FM 4-64 marking the membrane of the egg chamber. Top two panels show few time 
point stills from a time-lapse video of DN-DER (UAS DN-DER/+;slbo Gal4 10xGFP/+) 
in the late phase of migration, whereas the bottom two panel shows the DER over-
expression videos (UAS DER/+;slbo Gal4 10xGFP/+) in the late phase of migration. 
Arrows a and b show the change in the relative position of same cells within the 
cluster over time. Scale bar 20m. 
 
DER signaling was perturbed using DN-DER. In the late stage of migration, it 
shows a more round morphology of the cluster, with tumbling like behavior 
where cells changed positions frequently (Panel 1 and 2, Fig 2.1.9). Surprisingly, 
upon over-expression of DER, similar behavior was observed in the early phase 
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of migration (Panel 3 and 4, Fig 2.1.9), unlike the clusters over expressing PVR. 
This behavior was more disordered and somewhat similar to the late behavior. 
This showed that though the guidance receptors though redundant in function 
(Duchek et al., 2001), when over expressed, they bring about different behaviors 
within the migrating clusters. 
 
This was characterized in the fixed samples and as expected the shape of the 
cluster was more round in both the perturbation conditions in the early stage of 
migration. (UAS-DER-n=60, p < 0.001). The late phase of migration was 
comparable to wild type (a, Fig 2.1.10). In clusters expressing DN-DER and 
UAS-DER, the number of thick extension is similar in early and late phase of 
migration. However, number of extensions in the front of the cluster have 
reduced and they have increased in the rest of the cluster, showing that they are 
more evenly distributed around the cluster and the front bias of the thick 
extension is lost (b and c, Fig 2.1.10) as opposed to wild type.  
 
This was further analyzed in the live movies. The speed of migration was 
similar in DN-DER in the early stage of migration but reduced during the late 
phase of migration (A, Fig 2.1.11). When DER is over-expressed the speed of 






Figure  2.1.10: Analysis of effect of DER perturbation in fixed samples. Total 58 
fixed egg chambers expressing DN-DER (27 early and 32 late) and 60 expressing 
UAS DER (28 early 32 late) were analyzed. a) cluster shape in the early and late 
phase of migration. The cluster was significantly (p < 0.001) more round in the early 
phase of migration in both the perturbations, compared to wild type. b and c) 
represent the average distribution of extensions in the cluster according to type of 




Figure  2.1.11: Analysis of effect of DER (EGFR) perturbation in time-lapse 
videos. The net speed of the border cell cluster was measured when DER function was 
perturbed by expressing DN-DER or full length-DER, and compared to that in WT. All 
differences to control are statistically significant (P < 0.001), except early phase of 
migration in clusters expressing DN-DER (n = 5–16 movies). Error bars indicate SEM. B 
and C) Represents extensions per frame (n > 170 per genotype and stage). All values 
that appear different are statistically significant (P < 0.001). See Poukkula et.al.,2011. 
 
The extensions were measured and the number of extensions were reduced in 
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DER over-expression, whereas the late stage was similar to the wild type. In 
the live movies DN-DER was similar to wild type in the early phase of 
migration, which corroborated well with the fixed samples, except in the shape 
of the cluster. This indicated that DER does not function as an effective 
migration over a range of migration. Further it was observed that the cluster 
was sensitive to perturbation of PVR signal, in this genetic perturbation 
indicating that PVR pathway was still active.  
 
Hence it was shown that though the two guidance receptors are redundantly 
required for migration of the border cells, they bring about different behaviors of 
the border cells. The two RTKs share similar downstream pathways, then how 
are these differences manifested is not yet understood. One of the possibilities is 
that the two RTKs use different downstream pathways. It has been shown that 
the Rac, guanine exchange factors (GEFs), DOCK180/Mbc and Elmo, 
functioning to activate Rac, were critical for early phase of migration, whereas 
MAPK and PLC-γ were critical for late phase of migration (Bianco et al., 2007). 
 
2.1.4 Analysis of migratory behavior on Rac perturbation 
 
Rac has been shown to be required for the border cell guidance and migration 
(Murphy and Montell, 1996; Duchek et al., 2001; Geisbrecht and Montell, 2004; 
Bianco et al., 2007; Wang et al., 2010). Storng perturbation of Rac by its 
constitutively inactive form blocked migration. To test the effect of Rac on the cell 
behavior, Rac activity was a mildly reduced of by knockdown of its GEF, ELMO 
 61 
or of exchange factor Vav. The knockdown was brought about by RNAi 
expression. 
 
Upon perturbation of Rac activity, the net speed of migration was reduced in the 
early phase of migration, but was similar to wild type in the late phase of 
migration (A, Fig 2.1.12). The number of extensions per frame were reduced in 
the early phase of migration, compared to wild type, but remained comparable to 
wild type in the late phase of migration (B and C, Fig 2.1.12). The distribution of 
the extensions around the cluster, however was not drastically altered, as most 
extensions remained in the front of the cluster. The knock-down using this 
system may not be complete in the early phase of migration as RNAi is 
expressed only ~6 hours before the initiation of migration, using slbo Gal4. 
However, in the late phase of migration, the knock down would be more effective, 
as RNAi is expressed for a longer duration. Even then unlike the early phase, the 
late phase of migration is not perturbed to a great extent compared to wild type. If 
these the RNAi construct were expressed under actin-flipout-Gal4 (AFG) and 
heat shock–FLP, inducing expression by heat shock of very young adult females, 
and imaged 2 days later, the effect was more severe. In this case, most border 






Figure  2.1.12: Analysis of disruption of Rac activation in time-lapse videos. 
Control is slboGal4 /UAS10xGFP. In this background RNAi was expressed with 
slboGal4, to knock down Vav or ELMO, as indicated. (A) Net cluster speed was 
calculated for both early and late phase of migration (n=10-16 movies each). Error bars 
represent SEM. Presence of extensions per frame in early (B) and late phases (C) 




This indicated that Rac function is required to bring about the early type of faster 
migration, and not essential to bring about the late phase of migration. Further it 
has been shown that Rac exchange factor, Vav, can be directly recruited to PVR 
and EGFR. However, PVR brings about early type of migration and Rac 
selectively perturbs it. Hence its likely that PVR acts directly through Rac. 
However, since both the RTKs can act via similar downstream pathways, direct 
evidence for these differences, is still lacking. 
 
In summary, both the RTKs bring about different migratory behaviors of the 
border cell clusters. Even though there are some differences in the downstream 
pathways, it is yet unclear as to how is this behavior manifested. This could have 
contributions from other factors as well, such as sub-cellular localization of the 
receptor. This could be studied by visualization of the incoming guidance signal. 
 
To visualize the incoming guidance signal, and be able to characterize its 
properties, a biosensor probe was needed. This would further help us towards an 
understanding of how does the incoming guidance signal bring about directed 






Development of a biosensor probe to visualize guidance 
signaling 
 
How does the signal look? Is there a difference in the way the cells visualize the 
signal from the two guidance receptors, PVR versus DER? To be able to address 
these questions there was a need to visualize the incoming guidance signal in 
space and in time. This would further help characterize the guidance signal in 
wild type and study its relationship to the migration of the cells. 
 
2.2.1 Need for a ‘novel’ biosensor probe  
 
Cells migrate in a chemotactic manner towards the source of the ligand, sensing 
its gradient all along. As discussed previously, gradient sensing requires a 
differential activation of the signaling molecules or downstream pathways to be 
able to correctly migrate towards the source of the ligand.  
 
In the border cells, the signal downstream of the guidance receptors was 
detected by immunohistochemistry using antibodies against phosphorylated 
Drosophila ERK (dpERK activated form of the drosophila MAPK, ERK). It showed 
that it is localized differentially in the different cells of the cluster. During the early 
phase of migration dpERK staining was observed in ~20% of the clusters, and 
when it was observed it always localized to the leading cell of the cluster. During 
the late phase of migration, dpERK was usually localized to about 2 cells in the 
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front of the cluster, whereas when the cluster reached its destination, it was 
localized within multiple cells in the cluster. This showed that dpERK is 
differentially activated during the course of migration indicating a differential 
activation of the pathways downstream of the guidance receptors. Hence, even 
though all the cells are competent to activate MAPK signaling, most likely there is 
a mechanism that regulates the activation of MAPK in response to a ligand 
gradient. This mechanism is poorly understood. Immunohistochemistry showed 
that the signal is localized within an entire cell and the activation of guidance 
receptors within a cell, could not be visualized using this approach. The temporal 
dynamics could only be inferred from snapshots of a large data set, ranging over 
the entire migration path. However, temporal changes in the signal within a cell 
over time, if any, could not be observed using this tool. 
 
In the study using an antibody against activated PVR (phosphorylated PVR, 
Janssens et al., 2010) showed that the signal is highly variable. To distinguish 
between biological variation and temporal dynamics of the signal, a biosensor a 
biosensor probe, which could detect the endogenous guidance signaling in space 
and in time as the cells migrate, was required.  
 
It was a challenge to design a probe, which could not only detect the very low 
levels of endogenous signal (Janssens et al., 2010) within the wild type border 
cell cluster but it could also detect the signal in live to be able to study the spatio-
temporal characteristics of signaling. This was a challenge because a high signal 
is required for imaging within a developing tissue, whereas very low level of 
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endogenous signal is present. There was a previous attempt in the lab to study 
the signal using FRET based probes, which was not successful. 
 
2.2.2 Criteria and Logic of the biosensor design 
 
To understand the spatio-temporal dynamics of guidance signaling, a biosensor 
tool was required which could detect the endogenous signal that was at a very 
low level in live. The properties that one required to confer to the biosensor were 
as follow, 
1) it should be sensitive enough to be able to detect the endogenous level of 
signal in live during migration 
2) it should be specific so as to report the activation of the guidance 
receptors 
3) it should be bright enough to be able to visualize the signal during 
migration and so that it can be expressed at a low level so as not to 
interfere with the endogenous signaling 
 
For this purpose we wanted to design a localization probe, which would localize 
differentially within the cell and it would preferentially localize in response to the 
activation of the RTKs.   
 
Using our previous knowledge, that the MAPK pathway is differentially activated 
in the migrating cluster and it is downstream of both the guidance RTKs, we 
 67 
sought out to look for a candidate to design a biosensor probe in the Ras- MAPK 
pathway.  
 
Ras is a membrane-associated protein that is activated by phosphorylation of the 
upstream guidance receptors, both by PVR (Brückner et al., 2004) in migration of 
hemocytes (Cho et al.,2002) and glia (Learte et al.,2008), in border cells (Duchek 
et al.,2001) and EGFR in development of several organs of the fly such as wing, 
eye, etc (Schweitzer and Shilo, 1997). Upon activation, it recruits and activates 
the downstream components of the MAPK pathway such as Raf. It is directly 
downstream of both the RTKs hence reporting the activity of Ras could reflect the 
activation of both of the guidance receptors. Further, Ras is present at the 
plasma membrane it can detect the incoming signal by the RTKs. Activated Ras 
will recruit downstream components from the Ras-MAPK pathway. It could be 
possible to detect active Ras in a spatial-temporal manner. Since this could act 
downstream of both the RTKs, following activated Ras as a read out for 





2.2.3 Designing of the probe 
 
Raf is an immediately downstream effector of Ras in the Ras-MAPK pathway 
(Avruch et al.,2001). It binds to activated Ras in the GTP bound state through a 
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characteristic Ras binding domain (RBD) present within the molecule. This could 
be used to detect activated Ras. Hence this specific RBD was cloned and tagged 
to fluorescent proteins. Upon expression of this fusion construct, one would be 
able to detect the activated Ras and follow it as readout of the RTK activation 
within the cell.  
                      
Different combination of RBD of Raf were cloned and fused to a linear chain of 
10 molecules of GFP (10xGFP). The reason for using 10 molecules of GFP is to 
make the probe bright enough to allow effective detection at very low level of 
sensor localization in regions on the cell membrane. This signal has been shown 
to be low (Jannsen et.al.,2010). Low level of expression was hence necessary to 
minimize the interference of the biosensor probe with the endogenous signaling 
of Ras. Further, low level of expression was desired to be able to observe the 
recruitment of the sensor to the membrane over the general expression within the 
cell. A very high level of expression would interfere with this preferential 
detection.  
 
2 lengths of RBD of Raf gene in Drosophila, were cloned from genomic DNA, one 
with the minimal RBD (mini RBD) and the other longer version which included an 
unstructured region around the RBD so as to better facilitate the correct folding of 
RBD. These domains were cloned in the different combinations as indicated 
below so as to test what works best as a sensor for the RTK signaling. 
 
The different versions of the sensor made were, 
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1) RBD-10xGFP 
2) RBD-Lysine-RBD -10xGFP 
3) mini RBD-10xGFP 
4) mini RBD-Glycine- mini RBD 10xGFP 
 
One copy and two copies of RBD (Fig 2.2.1) were cloned to see which one would 
be able to detect the signal better. A Lysine (6 molecules) linker was used so that 
positive charge of the linker confers a preferential bias for the negatively charged 
plasma membrane, thereby aiding the sensor to locate to the activated Ras at the 
membrane. A neutral Glycine (6 molecules) linker between the RBD dimer was 
also tested (Fig 2.2.1). 
 
All these constructs were cloned under both, the minimal heat shock promoter 
and the UAS promoter (Fig 2.2.1). This allowed us to modulate the levels of 
expression of the constructs both in space (by driving UAS expression using 





Fig 2.2.1: Design of constructs. The domain of Raf which binds to activated Ras (Ras 
binding domain or RBD) was cloned and tagged to 10 moleculed of GFP. Several 
lengths of this domain were cloned to make the sensor constructs as shown as pictorial 
representations. All these constructs was expressed under the heatshock promoter or 
under the UAS (upstream activating sequence) promoter. In total 8 constructs were 
made, at this stage. 
 
The duration and temperature of heat shock would modulate the level of 
expression of the construct. From experience in the lab, the minimal heat shock 
promoter does not drive expression in the germline. So it would be expressed in 
the border cells but not in the surrounding nurse cells thereby providing the 
required contrast to be able to detect the construct in the border cells specifically, 
as they migrate through the germline. The strength of the Gal4 line would also 
determine the level of expression of the construct and one could choose a Gal4 
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line that would express it at a low enough level in the desired tissue.  These initial 
8 constructs (Fig 2.2.1) were cloned and tested in the flies 
 
2.2.4 Testing of the probe 
 
The follicle cells, encapsulating the germline cells in the Drosophila egg chamber 
provide a positive control to test these constructs. During stage late 9 and 10 of 
development of the germline, the dorsal follicle cells activate DER in response to 
Gurken ligand, secreted by the oocyte, whereas the ventral follicle cells don’t 
(schematic, Fig 2.2.2; Mantrova and Hsu, 1998). Raf was required for this 
process (Brand and Perrimon, 1994).  
 
This difference between the dorsal and ventral follicle cells was used as a 
positive control to visualize if the biosensor can detect the RTK signal.  The 
sensors expressed under the heat shock promoter were used for this purpose. 
To express the constructs, the flies were heat shocked at various temperatures 
for varying amounts of time and allowed to recover at room temperature for 2 
hours, 3 hours, 4 hours after heat shock to allow for the expression of the protein 
under the heat shock promoter. 2 day old adult females were heat shocked at 
370C, 340C and 320C in a preheated water bath for varying durations to 
determine an optimal level of expression of the sensor. I observed that after heat 
shock at 370C the expression is very high, whereas after heat shock at 320C the 
expression is very low. Optimal expression was observed at 340C when heat 





Fig 2.2.2.: Testing of the biosensor constructs. The schematic shows a developing 
egg chamber with the dark blue indicating the source of gurken near the oocyte nucleus 
(black circle) and yellow showing border cell cluster migrating towards the oocyte 
nucleus on the dorsal side of the egg chamber. The false color images, color-coded for 
intensity, show the part of the egg chamber, which is boxed in red in the schematic. The 
white dotted circle marks the nucleus of the oocyte. It shows the localization of the 
sensor in hs-RBD-Lysine-RBD-10xGFP, which localized to the apical and the lateral 
membrane on both the dorsal and the ventral side. Last panel shows the same in hs-




RBD 10xGFP specifically localized to the apical membrane of the dorsal follicle 
cells (Fig 2.2.2), indicating that this was detecting the specific EGFR signal.  
 
RBD-Lysine-RBD-10xGFP was localized to all the membranes, at the dorsal and 
the ventral sides (Fig 2.2.2). It showed a high localization to the lateral 
membranes of the cells as well, which was not observed in the previous 
construct. This indicated that the Lysine-linker was by itself biasing this construct 
to the membrane. Hence this construct was not specific to RTK signaling as it 
was recruited to the membrane with or without the presence of the RTK signal, 
unlike the RBD-10xGFP. Hence this construct could not be used. RBD only-
10xGFP and RBD only-Glycine- RBD only 10xGFP were not membrane localized 
in the dorsal follicle cells (data not shown). This indicated that they could not 
detect the RTK signaling and hence these constructs could not be used for 
further analysis. Hence hs- RBD-10xGFP was used for further analyses. 
 
The localization of the RBD-10xGFP construct was quantified. A line (10pixels in 
length and 3 pixels thick) was drawn along the apical membrane using the 
transmission image and the intensity of the same region of interest was 
measured in the GFP channel. The mean intensity value was noted. Same line 
was shifted to the cytoplasm such that the nucleus was excluded and its intensity 
was measured in the GFP channel. This was done for ~3-4 cells in each egg 
chamber for both the dorsal and ventral follicle cells. The ratio of the membrane 
intensity over the cytoplasm was calculated. It was observed to be preferentially 
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enriched at the apical membrane of the dorsal follicle cells and not so at the 
membrane of the ventral follicle cells (Fig 2.2.3), when normalized to the 
cytoplasm. The level of signal at the dorsal membrane was 1.51 as compared to 
the cytoplasm whereas it was less than 1 (0.96) in the ventral cells, clearly 
indicating that the sensor is localized to apical membrane, specifically 
downstream of EGFR activation on the dorsal side. 
 
                                
Fig 2.2.3. : Measuring the RTK signal detected by RBD10x-GFP. The right panel 
shows the dorso-ventral view of the developing egg chamber. The graph shows the 
quantification of the signal at the apical membrane of the dorsal and ventral follicle cells, 
normalized to the cytoplasm of the same cell. Error bars represent SD. 
 
To further confirm that RBD 10xGFP responds in the correct pathway, I express 
the construct at a high level so that it would disrupt the Ras-MAPK pathway, by 
sequestering activated Ras and preventing downstream signaling of the same. A 
known developmental event, which specifically requires the function of EGFR 
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Fig 2.2.4: Sensor acts in the correct pathway downstream of DER Wild type (WT) 
wing and wing expressing the sensor (UAS RBD-10xGFP) under the engrailed Gal 4. 
Arrows shown the wing vein. 
It has been shown that EGFR hypomorph (Guichand et.al.,1999) or Raf loss of 
function (Martin-Bianco et al.,1999) leads to a loss of a specific wing vein 
marking the boundary of the dorsal and ventral compartment of the wing. This 
served as a readout of the specificity of the sensor to the Ras-MAPK pathway 
downstream of the RTKs. The sensor was expressed using the UAS-RBD-
 76 
10xGFP construct during the development of the wing under engrailed Gal4. As 
expected, the wing vein was disrupted compared to that in wild type (arrows, Fig 
2.2.4), a phenotype similar and specific to EGFR hypomorph, indicating that the 
biosensor was acting in the correct pathway.  Hence two independent 
experiments showed that the sensor is specific to the RTK signaling pathway. 
 
Constructs under the UAS promoter were not used further, as low level of 
expression under the UAS-Gal4 system gives a salt and pepper expression 
especially in polyploid cells of follicular origin. This property is further enhanced in 
the polyploid epithelial follicular cells in the egg chamber leading to very different 
expression patterns even within the small border cell cluster. 
 
Further, the hs-RBD-10xGFP construct detected the signal only in very few 
dorsal follicle cells close to the oocyte. This suggested that it responded better to 
very high level of signaling whereas it could not detect a moderate or low level of 
signal efficiently. Previous results (antibody specific to pPVR, Jannsen et al., 
2010) have shown that the endogenous signal in the border cells is very low. The 
border cell membrane is irregular and dynamic, unlike the regular and neatly 
arranged apical membrane of the follicle cells; therefore it would be even harder 
to detect the signal in the border cells as compared to the follicle cells. Hence 
there was a need to improve the design of the construct to make it more 
sensitive.  
 
2.2.5 Modification of the probe design and testing the new design 
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For this purpose, a new sensor was designed with 2 domains of RBD linked with 
a neutral glycine linker, viz. RBD-Glycine-RBD-10xGFP. This was under the 
minimal heat-shock promoter. The transgenic flies were tested for the sensitivity 
of the construct, using the same paradigm of heat shock as described previously.  
The intensity of signal was compared (Fig 2.2.5) to that from the previous 
construct. 
 
This construct detected the endogenous EGFR signal in the dorsal follicle cells in 
more number of cells near the oocyte. Previous it was detected on average only 
in about five dorsal follicular cells, whereas the new construct was detected on an 
average in ten cells (Fig 2.2.5) indicating that it was more sensitive than the 
previous design (n>10, in both cases). Further the amount of signal at the 
membrane was measured, as described previously. It showed that the signal was 
higher than the one observed in hs-RBD-10xGFP, as shown in the graph (Fig 
2.2.5). These two parameters clearly showed that the new construct with 2 





                  
Fig 2.2.5: Comparison of hsR10XGFP and hsRGR10XGFP. Schematic representation 
of the new sensor construct under the minimal heat shock promoter. The middle panel 
shows false color image representing the intensity of the signal from the sensors hsRBD-
10xGFP and hsRBD-Glycine-RBD-10xGFP. The quantification of the signal is shown in 
the dorsal (blue bar) and the ventral follicle (red bar) cells in the respective graphs below 
the images.  
2.2.6. Testing the probe to detect the guidance signal in border cell 
 
This construct was further used to look at the signal in the border cells. From 
previous studies using phosphoPVR antibody it was observed that upon PVR 
over-expression, the antibody preferentially localized to the front of the leading 
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cell as compared to the side of the same cell. This was found to be true in both 
the delaminating and migrating clusters. This provided an known situation where 
the guidance signaling during border cell migration was characterized, hence I 
sought to verify the sensor in the border cells by using the same paradigm, with 
the difference being that in this case, the border cell migration was followed in 
live.  
 
To perform this experiment, the flies with the sensor and over-expressing UAS-
PVR, under the slboGal4 were used. 2-day-old adult females, fed on fresh yeast 
for one day, were heat-shocked at 340C for 20 minutes and then allowed to 
recover at room temperature for 2 hours, allowing for the expression of the 
construct. The egg chambers were then dissected and imaged. A time lapse 
imaging of the border cell cluster was carried out at a high zoom every 
10seconds over a period of 10 minutes. Initial observation shows that the 
construct is expressed at a very low level in the border cells. Further more, no 
preferential localization of the sensor could be visually observed within the cell. 
Hence there is a need to analyze it systematically and see if the sensor can be 
detected in this scenario. 
 
To analyze the localization of the sensor, the videos were treated as snap shots 
from various time points and then analyzed in a similar manner as that described 
previously using the phosphoPVR antibody, in Janssens et.al. 2010. The 
membrane was marked with a membrane specific fluorescent dye, FM 4-64 that 
fluoresces in the red channel. The membrane of the border cells was visualized 
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and subsequently outlined in the FM 4-64 channel. A freehand line (shown in 
yellow in Fig 2.2.6) 1-3m long and 400nm in thickness was drawn along the 
membrane of the leading cell at the front and the side of the leading cell, as 
shown in Fig 2.2.6 to mark the ROI. The average intensity of this ROI was 
measured in the green channel where the sensor, hsRBD-Glycine-RBD10xGFP 
was imaged. To account for the noise in the measurement, both these intensities 
were normalized to the intensity of the membrane shared by two nurse cells and 
marked by FM 4-64 (Fig 2.2.6). 
 
 
Fig 2.2.6 : Measurement of signal using FM 4-64. A snap shot from a movie to 
demonstrate how the images were analyzed. The lines were drawn at the front and the 
side of the leading cell of the cluster in the RFP channel marking the membrane and the 
same ROI was measured in the GFP channel. Scale bar is 10m.  
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Fig 2.2.7: Measurement of the signal in PVR over-expression In border cell clusters 
over-expressing PVR the signal was measured as above and a scatter plot of front 
signal over side signal was plotted. The distribution of the front signal over side signal is 
shown in these graphs. The line in the centre (black) shows is where the front and the 
side are equal. The area under the line below (blue) is where the side is 2 fold or more 
higher than the front. The area above the red line shows where the front is more than 2 
fold higher than the side. This was measured both in the migration and delaminating 
clusters from multiple movies (n>10). 
 
 
Each time point was treated as a single datum point and all the time points of the 
movie were analyzed. The average intensity of the ROI measured at the front of 
the leading cell was plotted along the Y-axis against the average intensity of the 
ROI measured at the side of the same cell along the X-axis (Fig 2.2.7). This 
scatter plot helps us to visualize the preferential localization of the sensor to the 
front of the leading cell, in the direction of migration, as compared to the side of it. 
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As indicated earlier, the localization of the sensor remained variable throughout 
the movie. This further indicated that the signal is dynamic and constantly 
changing. This signal is very different from that visualized by antibody staining. 
Antibody specifically localizes only to the activated PVR whereas this signal 
detects both the activated PVR and DER simultaneously by a preferential 
enrichment of the sensor over the cytoplasmic levels. Hence in this case, the 
signal has to be normalized to the cytoplasmic level of the sensor. The signal 
was then compared within the cell. Comparing the signal at the front of the cell to 
the side of the same cell not only gives us information of preferential intracellular 
enrichment of the signal but also provides a way to account for the possible error 
introduced by the manual measurement of the signal.  
 
Even though the signal was variable and weak, there was an overall significant 
bias (p<0.001, Wilcoxon test) of the sensor enrichment at the front of the leading 
cell of the cluster when compared to the side of the same cell. Fig 2.2.7 shows 
the distribution of the front signal compared to that of the side. The red and the 
blue mark the 2 fold difference mark (Fig 2.2.7). The area above the red line 
shows the front signal, when it is greater than 2 fold higher than the side; while 
the blue line shows the side signal, when it is 2 fold higher than the front of the 
same cell. As shown, both the delaminating (clusters initiating migration) and the 
early migratory clusters show a preferential front bias of the signal. This was 
statistically highly significant in both the delaminating and early migratory clusters 
(p << 0.001, Wilcoxon test). This was similar to the observed preferential bias of 
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the pPVR antibody. This showed that the sensor could detect the signal 
downstream of PVR within the border cell cluster in time-lapse live movies. 
 
Visualization of the endogenous guidance signal in border cell 
 
Having validated that the sensor is preferentially localized within the cell in 
response to the activated form of the receptor, I looked at the endogenous 
signaling in the wild type clusters. Wild type movies were made with the sensor 
and the intensity of the sensor localization at the membrane was measured in the 
front of the leading cell and the side of the same cell. The signal, as before, was 
observed to be highly variable, indicating that the signal is dynamic. The signal at 
the front and the side of the leading cell were plotted as scatter plots (Fig 2.2.8). 
Lines were drawn to indicate a two-fold difference between the front and the side 
of the leading cell. There was no significant preferential localization of the signal 
at the front of the lead cell as compared to its side. This case was true in both the 
delaminating and early migratory movies that were analyzed. However, a bit of a 
front bias can be observed in the migratory clusters, but this was not statistically 
significant. To account for a possibility of a lower level of signal within the wild 
type, the threshold for bias between the front and side signal were lowered in the 
wild type and the bias was tested at 1.5 times difference between the two (bars 
below the graph, Fig 2.2.8). Similar results of no observable preferential bias 




Fig 2.2.8: Measurement of the signal in wild type In wild type border cell clusters, the 
signal at the front and the side membrane of the lead cell was measured and a scatter 
plot was plotted. The distribution of the front signal over side signal is shown in these 
graphs. The line in the centre shows where the front and the side are equal. The area 
under the line below, is where the side is 2 fold or more higher than the front. The area 
above the top line, shows where the front is more than 2 fold higher than the side. This 
was measured both in the migration and delaminating clusters from multiple movies 
(n>15). The bar graph below shows the distribution of the signal with 1.5 fold difference 




2.2.7 Improvisation of the probe design and detection 
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This rather disappointing result indicated that the sensor, though it could sense 
the signal downstream of both EGFR and PVR, was not quantitative enough to 
report the endogenous signal. A better design was hence called for.  The sensor 
was localized at highly varying levels in the cells, a characteristic of the heat 
shock promoter, especially when expressed in the polyploid follicular epithelium. 
Hence for a more stable expression another promoter could be used. Changing 
the promoter would also help us to move away from heat shocking the flies and 
thereby stressing them. Hence a new promoter was designed, a part of the 
enhancer and the full-length promoter of slbo, a border cell specific transcription 
factor was cloned and the construct was expressed using this promoter. Two 
versions of the slbo enhancer-promoter were cloned - 3.6kb and 3.3kb upstream 
of the slbo open reading frame in an attempt to get low level of expression in the 
border cells. These regions were chosen based on the predicted two or one 
STAT binging sites within them, respectively. The RBD-Glycine-RBD-10xGFP 
was cloned under both these promoters. 
 
When tested, the slbo3.3 construct did not give any expression, indicating that 
the cloned region was not enough support the expression of slbo, whereas the 
slbo3.6 gave a consistent low-level expression in the border cells.  It was also 
expressed in the pole cells, albeit more strongly. This was different from the 
observed pattern of expression of slboGal4. The level of expression was more 
consistent between the border cells within a cluster as compared to constructs in 
 86 
under the hs-promoter. This construct could hence be used for further analysis of 
the incoming signal in the border cells.  
 
2-hour movies were made to observe the migratory behavior of the clusters when 
this biosensor was expressed. The speed of migration (early speed - 0.78 
um/min, SD +0.11, Late speed -0.43, SD +0.07) was similar to that of the wild 
type, and no gross defects in migratory behavior were observed, indicating that 
there is a minimal interference, if any, to the incoming guidance signal by the 
expression of this biosensor construct.   
 
The expression of this construct was observed both in wild type and expression 
of a constitutively activated form of Ras (RasV12). As seen clearly (Fig 2.2.9), in 
Ras V12, the signal is localized around the entire cell membrane, whereas this 
localization is difficult to observe in the wild type, indicating that the level of signal 
is very low compared to a near maximal level of signal in activated Ras. Hence, 
to be able to detect the signal better, one would need to mark the membrane.  
The idea was to be able to mark the membrane neutrally and uniformly so that 
one can observe the preferential enrichment of the signal sensor at the 
membrane. I tried to mark the membrane in RFP using merystylated RFP, which 
marks all the membranes, mcd8RFP. These membrane markers did not label the 
membrane uniformly. Another membrane marker was made wherein PH domain 
of mouse PLC was fused to a monomeric Tag-RFP (pTagT, available from 
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Fig 2.2.9 Comparison sensor localization in wild type and RasV12 Signal was 
compared in slboRGR10XGFP and in RasV12 expression under slboGal4. 
 
Evrogen) and cloned under the 2xslbo enhancer and minimal promoter 
(Generated in Rørth lab and called 2xslbo). Upon testing it was observed that the 
PH domain can mark the membrane but doesn’t do so uniformly. This could be 
because the domain has some preferential localization or that the membrane 
itself has architecture, which can’t be resolved at the magnification of the imaging 
conditions. Hence it could not be used as a neutral marker of the membrane 
against which to compare the enrichment of the sensor. This strategy, of marking 
the membrane, was therefore not used further. 
 
Another way to normalize the signal was to be able to mark the cytoplasm 
uniformly using a neutral marker. This would allow one to account for the GFP in 
the cytoplasm and thereby help us to better detect the enrichment of the sensor 
at the membrane in response to the signal above the cytoplasmic levels of GFP. 
 88 
For this purpose a RFP was thought to be ideal as it could be imaged as a 
neutral marker of the cytoplasm, marking it unambiguously. Monomeric RFP – 
TagRFP and cherry was cloned under the 2xslbo. This was found to be very 
weak. This is a modified version of RFP which is better suited for the purpose of 
tagging proteins hence several natural and improved RFPs (brighter and more 
stable to photo-bleaching) - dsRed, TurboRFP, Turbo635 (available with 
Clonetech) were cloned under the 2xslbo promoter so that they could be 
expressed specifically in the border cells and not in the surrounding germline. 
Upon testing it was found that Turbo RFP is expressed more uniformly and 
brightly in the border cells. This was used here on as a neutral cytoplasmic 
marker, which has no preferential enrichment in the cytoplasm or at the 
membrane. 
 
2.2.8 Ratiometric method of imaging to visualize the endogenous guidance 
signal 
 
A ratiometric method of imaging was developed to be able to visualize the 
enrichment of the sensor, if any, over and above the cytoplasmic levels of sensor 
in the cell. To do this, border cells expression both the sensor and the neutral 
RFP were imaged. An image was sequentially captured of the GFP signal and 
the RFP signal (Fig 2.2.10). The 10xGFP signal was excluded from the nucleus, 
as described previously, whereas the RFP signal was not.  
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The GFP signal was then divided by the RFP signal to generate a final false color 
ratiometric image (Fig 2.2.10). This image shows a preferential localization of the 
sensor within the cell. The warm colors indicated a higher localization of the GFP 
as compared to the signal in the cytoplasm. This is the first time that an 
endogenous signal has observed in the wild type in real time. 
 
  
Fig 2.2.10: Ratiometric method for visualization of the signal Ratiometric image is 
generated by division of the GFP (sensor) image to the RFP (neutral cytoplasm) image. 
A final false color image shows a distribution of the sensor above the cytoplasmic levels 
as an intensity profile of the ratiometric signal. The warmer colors represent higher 
intensities of sensor. 
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Movies were made of the migrating cells, over the course of 10 minutes, imaging 
at an interval of 10 seconds. The two channels were imaged sequentially and 
ratiometric images were calculated as described.  
 
Testing the specificity of the biosensor probe 
 
To test that the sensor localizes specifically in response to Ras activation, Ras 
was knocked down using RNAi. Two different RNAi lines were used. RNAi was 
expressed in a temporal manner using heat shock FLP (hsflp) and Actin FLP out 
Gal4 (AFG). RNAi was expressed in the somatic tissue surrounding the germline, 
as ActinGal4 does not express well in the germline. The RNAi was expressed for 
1.5days before imaging. The border cell cluster was imaged (Fig 2.2.11) as time-
lapse movies. The ones expressing Ras RNAi (Fig 2.2.11) did not show an 
enrichment of the sensor at the membrane, as compared to the wild type. This 
indicated that the preferential enrichment of the sensor is stringently dependent 
on Ras. This was further quantified as discussed in the section 2.2.10. There 
appears to be an increase in the ratiometric levels of the cytoplasm that is due to 
the way false colors are assigned to the image by ImageJ. As the sensor is 
normalized by the level of RFP in the cytoplasm, it is not well adapted to observe 
enrichment within the cytoplasm, it is designed to observe enrichment at the 
membrane. In the Ras knockdown, enrichment of the sensor was not observed at 






Fig. 2.2.11: Sensor distribution in wild type and Ras knock down. Stills from a time-
lapse movie showing the enrichment of the biosensor compared to the cytoplasm in wild 
type and Ras Knockdown using Ras RNAi driven by AFG. The sensor showed a strong 
bias in wild type border cell clusters. Sensor enrichment at the front of the membrane 
was not observed when Ras RNAi was over-expressed. Scale bar 10m. 
 
Next, to test if this is specific to the RTK signaling, I knocked down both the 
guidance receptors simultaneously using RNAi, using the same protocol as for 
the Ras knockdown. This has been shown to be an effective way of knock down 
of guidance signaling without affecting cell motility (Poukkula et.al.,2011). Time-
lapse imaging of the border cell clusters where both the guidance receptors were 
knocked down showed that the signal observed by the new probe was not 
preferentially localized to the front of the cell, unlike wild type (quantification 
discussed later). Examples of two different movies of this are shown in Fig 
2.2.12. In the intensity profile, the membrane region is blue whereas the warm 
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colors indicating higher signal are located in the cytoplasm (Fig 2.2.12). The 
intensity at the membrane is less than that of the cytoplasm indicating that, unlike 
wild type, there is no preferential enrichment of probe at the membrane over the 
cytoplasm. This indicated that this sensor is responsive to activated Ras which in 




Fig. 2.2.12 : Sensor distribution in wild type and knock down of the guidance 
receptors Stills from a time lapse movie showing the enrichment of the biosensor probe 
compared to the cytoplasm in wild type and PVR and DER were knocked down 
simultaneously using RNAi driven by AFG. As compared to wild type, the sensor 
enrichment at the front of the membrane was not observed when receptors were 
knockdown. 
This showed for the first time that the guidance signal observed by the biosensor 
probe is also stringently dependent upon the guidance signal of the RTK. Hence 
one could now analyze the signal in the wild type. To further confirm this, and to 
 93 




2.2.9 Quantification of the signal observed by the biosensor probe 
 
To measure the signal, time-lapse movies were made and passed through a 
quality control test (QC). The movies that passed the QC were used for the next 
step of analysis. A good movie was defined by certain criteria; the cells of the 
cluster should be motile during the course of the movie. Static clusters, where the 
cells did not move much, were not used for further analyses. Normally, the nurse 
cell nuclei rotate and the cytoplasm is uniformly grainy. If the nurse cell nuclei 
were static, or the cytoplasm appeared clear in the nurse cells then the movie 
was not analyzed. The expression of both the GFP and RFP signal should not be 
very low when the movie begins. The signal should not photo-bleach to very low 
levels over the course of the movie. The RFP signal was weaker and is affected 
by photo bleaching to a greater extent, so it was used to judge the effect of photo 
bleaching. Further more for the clusters being the front tip and the back tip should 
be in focus. If the cells went out of focus then the movie was either not used, or if 
more than half the movie remained in focus then only that segment of the movie 
was used for further analyses. This was done to ensure that minimal noise. The 
imaging conditions were maintained constant through all the experiments.  
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Signal at the membrane was measured and the signal at the front of the cell was 
compared to that of the side of the same cell. Front is defined as the tip of the 
lead cell in the direction of migration whereas back was defined as the tip of the 
lagging cell in the direction away from the direction of migration. To measure the 
signal at the membrane, it was first outlined. The RFP image of the cytoplasm 
(shown in grey scale in Fig 2.2.13) was used as a reference to outline the cluster 
to mark the membrane. A line was drawn at the front of the leading cell and the 
side of it. The line drawn was 3 pixels (~400nm) wide and 1.5 to 3m long. The 
same region of interest (ROI) marking the membrane, was used to measure the 
intensity of the sensor in the ratiometric image (Fig 2.2.13). The intensity 
measured is the average of the intensity of all the pixels in the marked ROI. This 
measurement represents the relative amount of GFP to RFP intensity. If it is 
greater than one then it indicated that the GFP signal is higher than the RFP 
signal and if its below one then it indicated that the GFP signal is lower than the 
RFP signal. The GFP signal being higher than the RFP signal could be because 
of different level of expression of the two fluorophores however that would be the 
same everywhere in the cytoplasm. A relative difference in the intensity of GFP 
over RFP within the cell reflects the preferential localization of the sensor to 
certain parts within the cell. The preferential localization of the sensor is 
characterized by measuring the signal at different parts of the cell (front and side) 
in both the leading and lagging cell of the cluster. 
 
Both delaminating and the migrating clusters were measured. For the cell in 
consideration, a line was drawn around the entire outer membrane that shared a 
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boundary with the nurse cells. This is a measure of the average signal at the 
entire membrane of the cell (in the focal plane of the image), which is in touch 
with the nurse cells membrane. This will also help to compare the signal between 
different clusters. This would further help to compute the total amount of signal 
that the cell sees and analyze it.  
 
Fig 2.2.13: Systematic quantification of the signal The grey panel shows the RFP 
signal. The red line is drawn around the front and the side of the lead cell, in the RFP 
channel and the intensity of the same ROI (region of interest) is measured in the 
ratiometric channel. A small box is drawn in the cytoplasm of the cell to measure 
intensity of the ratiometric image in the cytoplasm. The same thing is repeated with the 
rear cell. The scale bar is 10m. 
In the clusters that had initiated migration, both the lead cell and the rear cell of 
the cluster were measured in the same way (Fig 2.2.13).  For the rear cell, the 
outward polarity was measure, wherein the intensity at the back most point of it 
was compared to the side of the same cell (Fig 2.2.13). This was done for every 
frame of the movie.  
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The signal has to be compared within the cell as the levels of expression of the 
transgenes may vary between cells. To compare the intensity between the cells, 
the outward most signal was normalized to this average intensity in the 
cytoplasm, which would mathematically eliminate the difference in the expression 
levels of the two transgenes between the cells. This is not completely accurate as 
one cannot separate between the decrease in the expression of GFP versus 
increase in the expression of the RFP. However, this does not alter the 
preferential localization of the sensor in the GFP channel and that information 
can still be computed from the measuring the intensities in the ratiometric images 
and comparing it to an internal ratiometric parameter such as the side or the 
cytoplasm.  
 
The average intensity in the cytoplasm was measured by drawing a small box in 
the cytoplasm such that the nucleus is excluded from it (Fig 2.2.13). All line 
measurements were then normalized to this value.  
 
To characterize this signal in wild type and to compare this variable signal 
between different genotypes two distinct measures were set-up. The amount of 
signal at the front of the lead cell was computed as a ratio of the average 
intensity of the front signal in the lead cell to the average intensity in the 
cytoplasm of the same cell. In this case, a value of 1 represents no detectable 
signal enrichment at the membrane above the expression in the cytoplasm. 
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A second measure, the polarization index is computed as a ratio of the signal at 
the outward most point of the cell to the side of the same cell. The outward most 
point is defined by the front of the lead cell and the back of the rear cell, and is 
compared to its side. In this case, a value of 1 represents that the signal is equal 
at the front and side of the cell in question. 
 
A high degree of variability is observed within each sample, over time (discussed 
later). Therefore, for easy of comparison between samples, and between 
different genotypes, an average of both the amount of signal and degree of 
polarization was taken for each genotype.  
 
2.2.10 Quantification of the signal in Ras knockdown 
 
To be able to quantify the phenotype of Ras loss of function, we expressed Ras 
RNAi in the border cells under slboGal4. This reduced the level of Ras 
expression but this was not as drastic as the expression using AFG and hsFlp. 
Using AFG, RNAi was expressed for 1.5days before the phenotype was 
observed, this gave a very strong phenotype and the cells were very sick. 
slboGal4 expression came up 6-8 hours before migration was initiated in the 
border cells, which allowed the Ras to be knocked for a shorter time (or to a 
lesser extent), increasing in the migratory clusters. Ras was knocked- down 
using two distinct RNAi lines – GD (from VDRC) and the TRiP (Transgenic RNAi 




Fig 2.2.14: Average measurements of signal by perturbations of Ras. Ras 
knockdown using TRiP (6 movies measured) and GD line (6 movies measured) were 
expressed using slboGal4, and the resultant signal observed using the biosensor probe. 
Error bars represent SEM. 
 
Movies were made of clusters where the Ras was knocked down. The signal 
from the sensor was measured and averages computed for the purpose of 
comparison with wild type.  The signal was found to be drastically reduced 
compared to that in wild type (Fig 2.2.14). When Ras was knocked down using 
GD line the polarization index when calculated from 6 movies. It was found to be 
1.17 in the lead cell and 1.16 in the rear cell showing that polarization of the 
signal was lost both within the cell and within the entire cluster. The amount of 
signal as compared to cytoplasm was reduced to 1.63 in the lead cell and to 1.69 
in the lagging cell. This was a significant reduction compared to wild type (Fig 
2.2.14).  
 
This was also observed when TRiP RNAi was expressed, where the polarization 
index, calculated from 6 movies, was reduced to 1.22 in the lead cell and 1.16 in 
the rear cell, showing that the preferential localization of the sensor in the cell is 
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lost even when Ras is partially knocked down (Fig 2.2.14). The amount of signal 
was significantly reduced as compared to wild type. The reduction in the amount 
of signal along with the reduction of polarization of the remaining signal in a 
partial knockdown of Ras showed that the signal observed by the sensor is 
directly dependent on the level of Ras within the cluster. 
 
2.2.11 Quantification of the signal in receptor knockdown 
 
To test whether the signal observed in wild type is in response to the guidance 
receptors, both the guidance receptors were knocked down simultaneously 
expressing RNAi under AFG, as discussed before. In this case, the average of 
several movies (n=6) of the amount of signal in the front of the cluster was 








Fig 2.2.15: Amount of signal in the simultaneous knockdown of both the guidance 
receptors. It shows the amount of signal in wild type and simultaneous knockdown of 
both the guidance receptors using RNAi. 
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There was a drastic reduction in the front signal (Normalized to the cytoplasm), 
upon receptor knockdown as compared to wild type (Fig 2.2.15). The signal was 
reduced to below 1, indicating that there is no preferential enrichment of the 
sensor at the membrane, as expected from observation of the time-lapse movies 
(Fig 2.2.12). This clearly shows that the localization to the front of the leading cell 
is in response to the signal downstream of the guidance receptors, whether it 
depends on one or both the receptors is not clear from this experiment. However, 
it shows that the signal observed by the sensor is stringently dependent on the 
guidance signaling during border cell migration. 
 
Hence, this sensor is a valuable tool to visualize, quantify rigorously and 
characterize the endogenous guidance signal in real time in the migrating border 
cell clusters.  
2.2.12 Characterization of the signal in the wild type 
 
This is for the first time that the endogenous guidance signal was visualized 
during Drosophila border cell migration. This is also the first time that the signal 
directly downstream of the guidance receptors, has been visualized (Fig 2.2.16). 
This was visualized in real time as the border cells migrated within the germline 
(Fig 2.2.16). The first thing that stands out from the ratiometric image is that the 
signal is preferentially localized to some, but not all of the membrane of the cells. 
The signal can be visualized not only in the lead cell, but also in the other cells of 
the cluster (Fig 2.2.16). When visualized, the signal also appears to change over 
time and it is not localized to the front of the cluster in a constant manner, 
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indicating that the signal is dynamic. The level of endogenous signal is very low, 
as judged in comparison to the expression of activated Ras. There appears to be 
localization to the back of rear cell as well (Fig 2.2.16). 
 
To characterize this signal, I measured the signal as described above. The signal 
at the front of the lead cell was variable over time (blue line plot, 2.2.19). The 
signal at the side of the same cell was not as variable (red line plot, 2.2.19). To 
be able to characterize this and understand the overall spatial trend of the signal, 
the distribution of the signal was observed and the polarization index and amount 
of signal were calculated. 
 
 
Analysis of the spatial dynamics of the signal 
 
The polarization index was calculated for every frame of a movie (Fig  2.2.17). It 
showed a large spread with a general bias of the sensor localization to the front 
of the cluster compared to the side of the cluster. 20 early migratory movies were 
measured. The scatter plots were distributed but showed a front bias (Fig  
2.2.17). This bias was not very evident front the plots. This distribution could 
represent the dynamic nature of the signal, which should be look at more 
carefully by analysis of the temporal profile of the signal.  
 
It could also represent that the signal is not always high in the front of the cluster, 
and varies over time as the cells migrate. However, the overall signal was found 
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to be biased in the front of the lead cell  (Fig  2.2.17). This was very evident when 
The measurement of polarization index and amount of signal at each time frame 
from one movie were averaged and represented as a single value. The mean of 
all the averages from all the movies measured was represented as the 
polarization index for this genotype, wild type in this case. Hence the polarization 
index of the wild type early migratory cluster represents over a 1000 data points 
from 20 movies (Fig  2.2.17). 
 
The polarization index of the lead cell of the early migratory cluster is 1.73 (Fig  





Fig 2.2.16: Stills from a wild type movie over time. This shows the ratiometric image 
of a one wild type border cell cluster. Each picture represents a single time point and 
subsequent frames were imaged at an interval of 10 seconds. It shows the preferential 
enrichment of the biosensor at the front of the lead cell. There is a preferential 
enrichment of the sensor at the back of the rear cell as well. It is seen that the front of 





Fig 2.2.17: Spatial dynamics of the signal in wild type The signal at the front was 
plotted against the side of the cell, for all data points from all movies. Wild type movies, 
(20 early and 8 late) were measured. The black line is the line where the front and side 
are equal and the red line is where the signal is 2 fold higher in the front compared to the 
side whereas the blue line is the line where the signal is 2 fold higher at the side of the 
cell compared to the front of the same cell.  The bar graphs show an average value 
either of the degree of polarization or the amount of signal of all the movies. Both the 
lead (blue) and the rear (red) cell were measured. Error bars represent SEM. 
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higher (>1.66) than the side. This shows that the sensor localization is biased 
even within the cell. The bias is at the front most tip of the cluster as compared to 
the side of the same cell. The cluster is polarized in the direction of migration 
towards the source of the ligands. Further this goes on to show that even though 
the downstream component of signaling, Erk, is activated within one cell of the 
cluster, the signal observed at the level of activated Ras is preferentially localized 
within the cell and not around the entire cell membrane  (Fig  2.2.17). This 
localization is in the direction of migration, indicating that this would be important 
to sense the ligands and migrate towards the source of the guidance cues.  
 
Is there a preferential localization of the signal within other cells of the cluster as 
well? To test this, the rear cell was also measured in the same manner. The 
mean of all the movies had a value of 1.34  (Fig  2.2.17). This demonstrated that 
the rear cell also has an outward polarity wherein; the backward most tip of the 
rear cell was higher than the side of the same cell. This bias is interesting, as it 
showed that the cluster as a whole has an outward polarity. Further, the polarity 
in the front of the cluster is significantly higher than the back of the cluster. This 
shows that the signal is biased in the direction of migration. This is expected but 
the surprise was that even the point furthest away from the source of the 
guidance cues or ligands is also polarized. This is in agreement with the pattern 
observed by pPVR antibody and it was shown to be independent of the ligand but 
dependent on receptor trafficking, showing that it is actively maintained within the 
rear cell (Janssens et al.,2010).  
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Fig 2.2.18: WT measurement of delaminating and early migratory cluster Degree of 
polarization of wild type clusters. Clusters initiating migration or delaminating clusters 
and early migratory clusters are shown here. Early migratory, 20 movies and 
delaminating 10 movies were measured. Error bards represent SEM. 
 
This could provide the intrinsic polarity framework within the cluster, which can 
then be increased in the direction of the ligand gradient and provide guidance 
information. The signal is polarized within the cluster to a greater extent in the 
front compared to the back of the cluster. Amount of signal is also more in the 
direction of migration. The degree of polarization was measured in the 
delaminating clusters. Delamination can take up to 6 hours and hence if one is 
making 10minute movies, it could introduce lot of variation as a result of the 
stage of delamination that was imaged. To reduce the variation introduced by 
this, I imaged those egg chambers, which were stage 9 and the border cell 
clusters had already been well defined and rounded as distinct from the follicular 
epithelium and some of the times had a long front extension. These clusters were 
most likely to initiate migration soon; hence they would more likely be more 
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responsive to the guidance signaling. The clusters at an earlier stage, in 
preparation for delamination, which were still not distinct from the follicular 
epithelium would still require more time before they would initiate migration. 
Further, a cluster that has a lead cell or a long cellular extension at the time of 
imaging was easier to image and analyze as it helps to define the front most tip 
of the cluster with lesser ambiguity.  
 
The signal was measured as described before and the polarization index was 
calculated for the front of the cluster. The cells were still attached to the follicular 
epithelium hence the rear cell could not be measured. The polarization of the 
cluster was found to be front-biased (Fig 2.2.18). The individual values within a 
movie showed a distribution. However, the average value for the polarization 
index was 1.78, indicating a preferential front biased (Fig 2.2.18). This value is 
similar the one for the early migratory clusters but the standard deviation is also 
higher indicating a larger spread, as would be expected from the variation from 
the stage of delamination.  
 
During the late stage of migration the clusters are more rounded with a less well-
defined front cell. The cells also change positions frequently, even within 10 
minutes. Imaging the late stage of migration is harder because the cluster is 
deeper within the tissue and the image quality is not optimal as the brightness of 
the image is reduced due to the poorer penetration of the light. Hence it is harder 
to analyze the late stage of migration. The problem of penetration is partially 
resolved by having a higher level of the fluorescence signal, achieved by the 
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longer duration of expression of the protein, compared to the early stage of 
migration.  
 
With the good movies that pass the quality control, the polarization index was 
measured. The value was 1.33 (Fig 2.2.17). This showed that degree of 
polarization in the front of the cluster was reduced as compared to that during the 
early stage of migration. However, the front tip of the cluster was still polarized. 
The polarization index of the rear cell was 1.04, which showed that the rear cell 
was not as polarized (Fig 2.2.17). Even though the overall polarization index was 
reduced, the difference between the polarization at front and the back of the 
cluster was still maintained. Hence the over all cluster polarity was maintained in 
the direction of migration, both in the early and late stage of migration (Fig 
2.2.17). 
 
The degree of polarization reflects the cluster behavior. It was shown earlier that 
the early migration shows a highly polarized cluster with a leading cell where the 
cells do not change their positions as frequently (Poukkula et al.,2011). This 
highly polarized cell behavior is similar to the higher value of the polarization 
index. Further the reduced polarization of the late stage of migration is also 
reflected as an overall reduction in the polarization of the cluster. The degree of 
polarization of the cluster in response to the signal could regulate the type of cell 
behavior wherein, a high degree of polarization means that the cluster movement 
is more directed towards the source, faster and sliding, whereas polarization to a 
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lesser extent results in cells with a slower, more shuffling behavior which is less 
productive.  
 
This could be due to several reasons; one of them being that the gradient is 
steeper during the early stage of migration resulting in a greater degree of 
polarization of the cluster. In the late stage of migration, as the source of the 
gradient is closer, the gradient itself would be shallower resulting in a lesser 
degree of polarization within the cluster. This begs the question; is the amount of 
incoming signal changing during early and late stage of migration or is the 
change only in the degree of polarization?  
 
The amount of signal seen at the front most tip of the cluster was measured - as 
a ratio of the intensity of signal at the front of the cluster to the cytoplasm of the 
same cell (Fig 2.2.17). For the lead cell, the amount of front signal both during 
early and late stage of migration is near 2 (2.21 for early and 2.02 for late stage 
of migration, Fig 2.2.17). This showed that the amount of signal seen by the front 
of the cell, unlike the degree of polarization within it, remained constant, even 
though the amount of ligand would be expected to increase as the cells move 
closer to the source of the ligand. The amount of signal at the back of the rear 
cell was also calculated (Fig 2.2.17). It was found to be 1.8 and during the early 
stage and 1.5 during the late stage of migration (Fig 2.2.17). It was lower than the 
lead cell, indicating that the polarity of the signal within the cluster is maintained, 
even at the level of signal across the lead cell and the rear cell. The amount of 
signal downstream of the receptors is regulated at the level of the whole cluster 
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wherein the front is significantly higher than the back of the cluster and this is not 
just reflective of the difference in preferential localization of the signal within the 
cell.  
 
The amount of signal remains similar through the early and late stage of 
migration (Fig 2.2.17). This indicated that the signal from the receptors is tightly 
regulated. This could impart robustness to the system to compute the gradient 
and migrate towards the source of the ligands. This could also be because the 
amount of activated Ras in tightly regulated so as to efficiently signal to the 
respective downstream pathways and maintain the polarization of the signal. 
 
Could this also be due to a switch in the preference of the guidance receptors 
used during the early and late phase of migration? The sensor cannot distinguish 
between the two receptors but perturbation of the guidance signaling by 
perturbing the receptors or the ligand could give us important insights into the 









Since the signal is dynamic both in space and in time, the next question was, 
what is the temporal profile of the signal during migration of wild type border cell 
clusters? 
 
The signal at the front is, as expected higher than the side, but it is also more 
dynamic than the side signal, which does not vary so much over time. 3 
representative profiles of the signal are depicted in Fig 2.2.19. The signal 
fluctuates quiet a lot and these fluctuations are observed both in the front and the 
side of the cluster. Above the fluctuations, when observed visually there seems to 
be a cyclic pattern to the signal, which seems to repeat every 1.5 minutes but 
when tested, this pattern is not statistically significant. The signal was imaged at 
a faster time scale, every 1.6 seconds (>5 times faster, this speed of imaging is 
at the limit of the current imaging system used) instead of every 10 seconds to 
see if the signaling peaks are resolved better. After measuring 23 wild type fast 
movies in the manner described earlier, the pattern of signaling is still not 
resolved very well. There are small fluctuations, which may be random noise of 
the system that cannot be resolved into smooth peaks of signal and no signal. 
This indicated that signaling could be as local peaks and individual events. 
Clustering of these events in the front of the cell would lead to an overall higher 






Fig 2.2.19 : Temporal dynamics of signaling in wild type. The image is a ratiometric 
representation of the signal. The blue arrow represents the signal at the front and the red 
represents the signal at the side of the leading cell.  The signal either in the front of the 
lead cell (blue line) or the side of the same cell (red line) was plotted over time (Scale - 
10seconds). The 3 graphs represent data from 3 different wild type movies. 
 
 
further, one would need to be able to analyze the signal in a greater details, 
wherein the entire outer membrane of the cell is divided into small segments and 
each of them are measured for signaling activity. Here, in each cell, only 2 areas 
are measured in space. This leads to a gross averaging of the signaling activity in 
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space and hence if there are small independent signaling events they would not 
be measured. Furthermore, the signal is being measured only in one optical 
plane and the information of what is happening in other planes is not know. 
Hence, the signal is dynamic in time at the front tip of the membrane, the pattern 
of which has not been resolved yet. 
 
 
2.2.13 Effect of signal perturbation on the sensor localization 
 
To study how do the receptors and ligand, modulate the preferential localization 
of the signal within the cell, the RTK signal was perturbed.  
 
The dominant negative receptors (DER and PVR) were simultaneously 
expressed under the slboGal4. This has been shown to be effective in perturbing 
the guidance signal in the border cells while not affecting the motility of the cells 
(Poukkula et al.,2011).  It does not alter the localization of the receptor, but 
sequesters the ligand and potentially alters the way the cells see the ligand. It 
has previously been shown that the dominant negative receptor is not the same 
as the loss of function of the receptor (Poukkula et al.,2011). We observed that 
unlike the receptor knockdown, the signal was seen all around the outer 
membranes of the cells of the cluster (Fig 2.2.20). Outer membrane is the 
membrane of the border cells that faces the nurse cells, and not other border 
cells. The signal could also be present at the border cell –border cell membrane, 
but at the moment cant be marked to measure it.  
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This was measured as described before and the scatter plot showed no 
preferential enrichment of the signal at the front of the cluster. When the 
polarization index was calculated, using data from 5 early migratory movies, the 
value was 1.16, which was drastically reduced compared to the wild type value of 
1.73 (Fig 2.2.20). This indicated that the signal is either absent or is uniform 
along the front and the side of the lead cell. The amount of signal at the front was 
calculated and it was found to be 1.9 which is not significantly different from the 
wild type value of 2.2 in the early migratory and 2.02 in the late migratory clusters 
(Fig 2.2.20). The clusters expressing double dominant receptors are spatially in 
the early phase of migration but temporally the stage of the egg chamber, is late 
due to the delay in migration because of lack of guidance information.  
 
The rear cell showed similar results, wherein the polarization index was 1.17 (Fig 
2.2.20). This is significantly lower than the wild type clusters, indicating that the 
signal showed no preferential localization within the cell. Moreover, both the lead 
cell and the rear cell show a polarization index close to 1, which means that the 
signal, unlike wild type, is flattened within the cell, where the front and the side of 




Fig 2.2.20 : Spatial dynamics of DN-PVR DN-DER expression. DN-PVR and DN-DER 
expressed under slboGal4 (DN-PVR DN-DER/+; slboGal4/+). Still from one of the 
movies showing that the signal is localized all around the outer membrane of the border 
cells. Measurement of the signal of simultaneous expression of DN-PVR DN-DER during 
the early phase of migration is shown (5 movies measured). Both the degree of 





wild type between the front of the lead cell and back of the rear cell is lost in this 
genetic perturbation (Fig 2.2.20). This indicated that expression of the dominant 
negative receptors perturbs the ligands in such a way that the cells can’t perceive 
them. This could also suggest that the active receptors that are signaling usually 
cluster to the front of the cell, and hence the observed signal is localized to the 
front of the cluster. Not being able to perceive the ligand gradient would prevent 
this, in the double dominant negative receptor expression. This indicated that the 
ligand binding is necessary and maybe sufficient for the clustering of the 
receptors, hence the truncated receptors also cluster towards the front of the cell 
out competing the active wild type signaling receptors from clustering. This could 
lead to a more uniform localization of the active receptors around the cell, and 
hence a more flattened signal observed. This could further indicate that clustering 
of the receptor is an active process, which helps polarize the signal to one part of 
the cell. The active migration of the receptor upon ligand binding has been 
observed in different types of tissue culture cells. 
 
At the back of the rear cell, similar phenomenon is observed. Is this intrinsic 
signal or a response to the ligands? This experiment indicated that the signal 
observed at the back is also a response to the ligand gradient as when that is 
perturbed, the signal localization is perturbed. This could also be an intrinsic 
signal to compute the direction of migration and because of the excess of 
truncated receptor molecules, it causes a stearic hindrance for the active 
receptors to cluster at the back of the rear cell and hence they could be 
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distributed around the entire outer cell membrane. This clearly shows that that 






PVR was over-expressed in the borer cell cluster, with slboGal4. The behavior of 
this genetic perturbation has been previously described to be similar to the early 
migratory wild type clusters, throughout the entire course of migration (Janssens 
et al.,2010; Poukkula et al.,2011). Upon over-expression of PVR, the clusters 
exhibit early migratory behavior throughout the course of migration. The 
polarization index measured, it was distributed but there was a clear front bias in 
the signal localization (Fig 2.2.21). 5 movies were measured, frame-by-frame, 
and the polarization index was found to be 1.78, very similar to the wild type early 
migratory clusters (Fig 2.2.21). This fits with the behavior, wherein PVR behaves 






Fig2.2.21: Spatial dynamics of signal upon PVR perturbation. Perturbation of PVR 
ligand PVF1 was brought about by PVF1 mutant EP line (PVF1, n= 6 movies) and 
dnPVR (n =4 movies). Further to perturb the guidance signal full-length PVR (n=5 
movies) was over-expressed in the border cell cluster with slboGal4. Error bars 
represent SEM. 
 
It was surprising, however, that the amount of signal did not increase compared 
to wild type even when this receptor was over-expressed (Fig 2.2.21). This is 
different from what was observed when stained with pPVR antibody where PVR 
over-expression was necessary for visualization of the signal (Jannsen et 
al.,2010). However, this is in agreement with the behavior, which does not alter 
from the wild type early migratory.  This indicated that at the level of activated 
Ras, the signal might be tightly regulated. To test this further, one would need to 
address if the amount of signal observed in the front, increases with PVR over-
expression while maintaining the degree of polarization within the cell similar to 
wild type. This was tested and it was observed that the signal was slightly but not 
significantly higher when full length PVR was over-expressed as compared to 
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that observed in wild type early migratory clusters (Fig 2.2.21). This indicated that 
either the amount of signal at the level of Ras is tightly regulated or there is 
another pathway downstream of PVR.  
 
To test the effect of ligand gradient on the signal observed, and to check the 
contribution of PVR to the signal observed by the biosensor, I perturbed signaling 
by PVR. This was done by using a null mutation in the ligand PVF1 and by 
expressing DN-PVR. Mutation in the PVF gene introduces a premature stop 
codon in the gene. The signal was analyzed in the PVF1 mutant background and 
it was plotted as a scatter plot. There seemed to be some front bias, but not a 
very strong one. The polarization index, measured from a total of 6 movies, was 
1.34, (Fig 2.2.21) which is reduced as compared to the wild type early migratory 
clusters. However, It was still higher than 1, indicating that some degree of 
polarization is still there within the cell. When the polarization index of the rear 
cell was calculated, it was found to be 1.43, which is similar to the wild type value 
of 1.37 observed in the rear cell (Fig 2.2.21). Further when the amount of signal 
in these cells was found to be higher than the wild type. In the lead cell, the front 
signal was measured to be 3.22 and the rear signal was observed to be 2.65 (Fig 
2.2.21).  
 
When DN-PVR was expressed, the polarization in the front and the back of the 
cluster was drastically reduced compared to wild type. In the lead cell, the 
polarization index was 1.22 and in the rear cell, it was 1.15 (Fig 2.2.21). The 
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amount of signal, was measured to be 2.73 and 1.76 which shows an increase 
compared to the wild type (Fig 2.2.21).  
 
Degree of outward polarization in the lead cell and the rear cell was same, 
leading to an absence of overall polarity in the direction of migration within the 
cluster. The cluster behavior was also more confused and the long front 
extension was usually not present. However, the preferential bias of the signal 
within the cell is not completely lost within the cell. This could be a result of the 
DER signaling which is not perturbed in this genetic background. Furthermore it 
shows that polarization of the signal in the lead cell is partially dependent on PVR 





Signaling by the guidance receptor DER was perturbed next. When full length 
DER was over expressed and the signal visualized in a scatter plots, the front 
bias was reduced. When the polarization index was calculated from 8 movies, it 
was reduced compared to wild type (Fig 2.2.22). The front polarization was 1.39 
and that of the lagging cell was 1.27 (Fig 2.2.22). The polarization in the front is 





Fig 2.2.22: Spatial dynamics of signal upon DER perturbation. Ligand information 
was perturbed by expressing DN-DER (n =4 movie). Full length DER (8 movies) was 
over-expressed within the border cell cluster with slboGal4. Error bars represent SEM. 
 
 
polarity of the cluster is significantly reduced. This reflects the reduced 
directionality in the clusters over-expressing DER.  
 
To test if the amount of signal seen by the cell is increased when DER is over-
expressed, the amount of signal was computed in the front and the back of the 
cluster. It was 2.31 in the lead cell front and 1.87 at the back (Fig 2.2.22); these 
levels were very similar to wild type, clearly showing that the amount of signal 
and the polarization of the signal are independent of each other.  
 
Phenotypes caused by DER over-expression and perturbation, are similar. There 
are more than one EGF ligands in the ovary and hence knocking all of them out 
would lead to severe developmental defects of the egg chamber. To perturb the 
information encoded by the ligand, DN-DER was expressed in the border cell 
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cluster under slboGal4. The expression of DN-DER led to an apparently normal 
early migration and more often than not, the clusters had a long cellular 
extension. The signal was then measured and plotted as a scatter plot. There 
seemed to be no preferential bias in the signal in either the lead cell or the rear 
cell (Fig 2.2.22). When the polarization index was computed from 4 movies, it 
was 1.15 in the lead cell and 1.17 in the rear cell showing that the preferential 
localization of the sensor is disrupted in both the lead and the rear cells (Fig 
2.2.22). This further emphasizes that the DER ligand regulates the polarization of 
the cell, within the cell and within the cluster as a whole. To test if the amount of 
total signal is altered, I calculated the amount of signal at the front and back of 
the cluster. It was 2.17 in the lead cell and 2.21 in the rear cell (Fig 2.2.22). The 
features of wild type of overall polarization within the cluster, were lost when DN-
DER was over expressed. In this scenario, how does the cell compute the ligand 
gradient and still migrate towards the source of the ligand, in a fashion similar to 
wild type, is not clear. In this case, all the DN-DER movies had a long cellular 
extension in the early phase of migration, supporting that polarization of activated 
Ras, as assayed by the biosensor probe, is not essential for polarization of the 
cluster.  
 
This could be explained by the preferential utilization of the guidance input from 
PVR during early stage of migration. This guidance might not be directly 
dependent on Ras. Rac, another GTPase known to have a role in actin 
dynamics, when disrupted in function was shown to affect only the early phase of 
migration (see 2.1.4) and hence postulated to be preferentially downstream of 
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PVR as compared to DER. This also explains the reduction in guidance when 
DER is over-expressed in the early phase of migration, as DER would be 
dominant over PVR.  
  
2.2.14 Relation of guidance signaling to directed movement 
 
Guided migration requires guidance signaling. Hence it would imply that the 
guidance signaling would be directly correlated to guided movement. To test this, 
I correlated the guidance signaling with guided migration. The amount of signal at 
the front, the intracellular polarization of the lead cell and the polarization of the 
cluster as a whole were used as a measure of the incoming guidance signal. 
Both the instantaneous speed of the cluster and tip displacement were used as a 
measure of guided movement. Instantaneous speed was defined as the speed of 
the cluster speed from one time point to the next. Tip displacement was defined 
as the movement of the front tip from one point to the next.  
 
The guidance signal was correlated to the instantaneous speed of the 
corresponding time point, of the time point shifted by 10 seconds or 40 minute or 
90 seconds. The reason for this was to account for the time delay after the signal 
is received by the cell. The time shift was done in both the positive and the 
negative direction of time to establish the sequence of these events 
 
 124 
Fig 2.2.23 Correlation between guidance signal and directed movement. The 
correlations are as indicated in the graphs. In instantaneous measurements n>1000, and 
in whole movie correlation n=12 
 
One example of the instantaneous measurement is shown in A, Fig 2.2.23. All 
the linear correlations looked the same, with no significant correlation observed. 
This could be because the centroid speed could be way downstream of the 
signaling at the front of the cluster, hence its not directly correlated. The tip 
displacement could be a complex event, which is a measure of both exploratory 
behavior of the motile cells and is then stabilized as a result of the incoming 
guidance signal. Hence it could be that what was being measured as a read out 
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for directed movement, viz centroid speed or tip displacement doesn’t represent it 
well. 
 
Next this was tested at the level of the whole movie, wherein individual data 
points were averaged to give one value. The net speed of the migration was 
correlated to the average degree of polarization of the lead cell of the movie and 
to amount of signal at the front of the lead cell (B, Fig2.2.23). Both the 
parameters set to measure guided movement were also correlated to the 
polarization within the whole cluster (Front of the rear cell/back of the rear cell, 
both normalized to their respective cytoplasmic levels) but no direct correlation 
was observed.  
 
No direct correlation was observed between guidance signaling and guided 
movement. It has been shown that directed migration is stringently dependent 
upon guidance signaling from the guidance receptors (Duchek et al.,2001; 
Poukkula et al.,2011). The read out of the guidance signal from the biosensor is 
also stringently dependent upon the activation of the guidance receptors. Hence 
it follows that there should be a relationship between guidance signaling and 



























Cell migration has been extensively studied in tissue culture and attempts have 
been made to recapitulate the some tissue invasive behaviors in 3D matrigels 
(Bruyere et al. 2008, O'Brien et al. 2002, Pollack et al. 1998) providing 
useful insights into the mechanics, cell-cell interactions; required for this process. 
Chemotactic signals have been visualized and studied in single cell migration 
using models such as Dictyostelium and fibroblasts (Ueda et al.,2001; Furamo et 
al.,2002) . Hence studying guidance signaling in endogenous in vivo conditions 
would provide useful insights. 
 
Border cell migration provides an excellent genetically tractable system to study 
tissue invasive migration. This is the migration of cells which interact with each 
other and influence the behavior of each other (Wang et al.,2010; Niewiadomska 
et al., 1999; Rørth et al., 2000). It is now possible to image these migrating cells 
in an intact egg chamber (Prasad and Montell, 2007; Bianco et al., 2007), which 
is one unit of development of the female germline. We have further developed 
this imaging to better understand the guidance signal and its influence on cell 
behaviors. Further endogenous guidance signaling has been visualized in the 





3.1 Guidance signaling brings about directed migration of border cells 
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It was observed that the border cells have an inherent motility independent from 
guidance signaling (Poukkula et al.,2010). The cells have two kinds of polarity. 
The outward polarity wherein the membrane facing the nurse cells is different 
from the membrane facing other border cells or polar cells in the cluster. Further 
more the cluster has a back and a front, in the direction of migration, even though 
the cells have been observed to change positions among themselves. The 
guidance signal was shown to affect the directionality of the migratory cluster, 
wherein in absence of the guidance receptors, the directionality is lost without 
affecting cell motility. From a detailed quantification of the migratory behavior, 2 
key features were observed to directly contribute towards effective guided 
migration. They are, an increase in size of the front extension and persistence of 
it. This could be brought about by signaling events in the front of the cluster as 
opposed to the rear of the cluster.  
 
The could be a direct effect of the polarity established by the guidance signal in 
the cluster (Xu et al.,2003, Van Haastert and Devretes, 2004). The localization of 
activated guidance receptor, PVR, has been shown to be polarized in the 
direction of migration within the cluster as a whole (Jannsen et al.,2010). This is 
shown to be actively maintained by endocytosis (Jannsen et al.,2010, Jékely et 
al.,2005). Further, this could be brought about by modulating the adhesion in the 
front of the cluster, or by preferentially modulating actin dynamics in the front of 
the cluster. Rac can modulate both these functions (Ridley et al., 2003; Chu et 
al.,2004). Rac was shown to play an important role in steering border cell cluster 
during migration (Wang et al.,2010). Adhesion receptor, E-Cadherin, required for 
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border cell migration (Pacquelet and Rørth, 2005) is known to be modulated by 
RTK signaling (Hazan and Norton, 1998). Other adhesions required for cell 
migration, Cell-substrate adhesion are also shown to be modulated by guidance 
signaling (Miao et al., 2000; Ren et al., 2004). This adhesion is also shown to 
provide traction force at the front of migration for translocation. Hence this might 
provide a strong link between guidance signaling and forward directed migration 
of the cluster. 
 
Forward migration was shown to occur in absence of extensions. This could be 
explained by the way the extensions are classified. Short, broad extensions 
would not separate easily from the cell body, in the manner that it is being 
measured here. Further this movement could be a rolling kind of extension 
independent movement, which is observed in some cells. The motility of the cells 
could contribute to this movement. Some forward movement is observed in the 
clusters when guidance is perturbed. A 3D reconstruction of the border cell 





3.2 Redundant RTKs bring about different cell behaviors 
 
PVR and DER are redundantly required for posterior migration followed by a 
requirement of DER for dorsal migration (Duchek and Rørth, 2001). The analysis 
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presented here shows that PVR is important for early phase of migration whereas 
DER function is more prominent for the late phase of migration. How is this 
distinction brought about is still not understood. The receptors can function 
redundantly during the posterior migration but they seem to switch and it can be 
overridden if PVR is over-expressed. If PVR levels are reduced to half, DER 
signaling is then required. Hence in wild type, the level of PVR receptor is such 
that it is sufficient for normal migration. During the late phase of migration, PVR 
in the wild type would be regulated so as not to function as a guidance receptor 
by either incapability to interpret the high PVF1 gradient or inactivation by 
internalization or other means.  
 
Furthermore, these behaviors of the two receptors are very different, if the 
difference is manifested by regulation of the receptor or different downstream 
pathways. The PVR causes sliding behavior whereas DER causes tumbling 
behavior. PVR is hence thought to function better as a guidance receptor. It is 
also more effective as a long-range receptor. It is known to guide other 
migrations in Drosophila (Cho et al., 2002; Wood et al., 2006; Learte et al., 2008) 
whereas DER is function is most studied as a receptor for cell differentiation 
(Schweitzer and Shilo, 1997). Hence PVR could bring about local changes within 
the cell (Jekely et al., 2005; Janssens et al.,2010), whereas DER might function 
better at a whole cell level. These RTK can act via similar or overlapping 
downstream pathways, but this study further shows that PVR is linked more 
effectively to Rac activation which is known to bring about polarized response 
(Wang et al., 2010) through feedback loop which can be set in several different 
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ways (Pankov et al., 2005). This could also be due to difference in the way the 
two receptors signal. This can be studied if the receptor signaling can be 
visualized. 
 
3.3 Visualization of the Guidance signal in wild type border cell migration 
 
A biosensor probe has been developed that detects the endogenous guidance 
signal in space and time. This biosensor reports the incoming signal from both 
the guidance receptors simultaneously. This has been a challenge for a long 
time, as the guidance signal is at a very low level and a very small percentage of 
receptors are activated as observed by antibody against the activated receptor 
(Jannsen et al., 2010). Detecting it using FRET sensors was proving to be 
difficult. Hence a localization probe was developed to study the spatial and 
temporal dynamics of the incoming guidance signal. This probe was designed to 
detect activation of Ras and localize to it. Upon testing, this biosensor probe was 
found to be specific not only to Ras activation but stringently dependent on the 
signaling by the guidance receptors. This hence detects the signal directly 
downstream of the guidance receptors.  
 
Being able to visualize the signal in space and time showed that there is an 
intrinsic polarity within the cluster. This helps to compute the direction of 
migration. Two kinds of polarities are observed within the cluster, there is a 
polarity within the cell, where the guidance signal is localized asymmetrically. 
This is observed both in the lead cell and the rear cell. Second, is a polarity within 
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the cluster, wherein the back of the rear cell has a signal above its side but lower 
than the front of the leading cell. Similar polarity was observed when activated 
PVR was detected by antibody upon PVR was over-expression (Janssens et al., 
2010). This is similar to the polarity within single migrating cells, wherein the front 
of the cell is strongly polarized (Xu et al., 2003; for review - Van Haastert and 
Devreotes, 2004). Activation of downstream signaling pathways in one cell can 
guide the whole cluster (Inaki et al.,2012; Wang et al.,2010). 
 
How does preferential localization of the signal within the lead cell translate to 
preferential activation of the downstream components within the entire cell is still 
not understood. All the cells have the potential to be responsive to the guidance 
cues. Cells shuffle and exchange places and the lead cell can change. To 
establish this polarity in the cluster and coordinate the behavior between the 
cells, it would also require cell-to-cell communication. This communication should 
be relatively fast in time as the cells change positions dynamically and the front 
and back needs to be constantly computed. Inhibitory signals between cells, by 
signaling pathways such as Eph/Ephrin (Carmona-Fontaine et al.,2008; Poliakov 
et al.,2004), delta-notch (Jakobsson et al.,2010; Hellström et al.,2007) have been 
shown to regulate the formation of the tip of collectively migrating cells. In these 
systems, lead cell can exchange positions. Bidirection information flow in the 
Eph/Ephrin can allow different information being transmitted to different cells. 
Further, calcium signaling is used as a means of communication between 
migrating cells (Klepeis et al., 2001, 2004). Hence this could be one means of 
communication between the cells. Further this information could also be 
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transmitted via mechanical cues which have been shown to modulate the 
strength of adhesion depending on the stiffness of the substrate (Bershadsky et 
al.,2003). In a force dependent manner, which might be regulated by the front 
extension, this information can be used to communicate between cells. This is 
supported by the evidence that directed movement is more productive (faster 
speed and lesser tumbling) in presence of large front extension. A combination of 
these signals, along with the guidance signals, could act in the border cells to 
establish the outward polarity in individual cells and bias it in the direction of 
migration in the cluster as a whole. 
 
The sensor reported in these experiments, was observed to have a dynamic 
cycling pattern in time as in space. Previous reports of visualization of guidance 
signaling show a preferential localization of the signal in space, but temporal 
dynamics has not been clearly studied. The guidance signaling has been 
visualized by looking at the localization of PIP3 at the membrane (Parent et al., 
1998; Comer and Parent, 2002; Funamoto et al., 2002). It was found to be 
constantly present at the front. However, this is a secondary messenger, after a 
possible amplification step downstream of GPCR signaling. Single molecule 
receptor activation has been observed in this system, and is found to be dynamic 
and polarized (Ueda et al., 2001). Further, Ras activation observed using FRET 
probes reported its differential activation in the cell (Mochizuki et al.,2001). 
Experimental limitation such as over-expression of the Ras required for FRET 
experiments, or a sudden high signal used to stimulate the cells (EGF) would not 
be the same as the endogenous ligand distribution.  
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3.4 Guidance signal modulates the localization of the biosensor probe 
 
The polarized bias of the signal localization within the cell was shown to require 
both the ligand gradient and the receptor activation. In absence of the information 
encoded by the ligand the signal is localized all around the cell, and the 
preferential polarization is reduced drastically both within the cell and within the 
cluster.  
 
When the amount of signal in the cell was calculated, it was found to be similar in 
the lead cell as compared to the rear cell.  Hence the difference between the two 
cells lies in the degree of polarization of the signal within the cell. This could be 
due to receptor clustering in response to ligand dependent activation. This is 
more likely since it has been shown that receptor trafficking is required for the 
preferential localization of the receptor within the cell (Janssens et al.,2010).  
This further shows that the polarity of the signal is maintained within the cluster 
throughout posterior migration wherein the signal at the front of the cluster is 
significantly higher than the signal at the back. However, the amount of front 
signal at all stages of migration is similar but the degree of polarization varies 
significantly. In other words the distribution of the signal within the cell has 
changed during the course of migration. This could be a property of the ligand 
gradient. The amount of ligand molecules would increase when the cells move 
closer to the source of the ligand, i.e. the oocyte. The gradient would become 
shallow. This clearly shows that the spatial localization of the signal within the cell 
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and within the cluster are decoupled. The overall polarization of the cluster is 
maintained but the polarization within the cell is reduced in the late stage of 
migration as compared to the early stage. 
 
Further DN receptors though give the same function read out as receptor loss of 
the function, the signal observed by the cell is very different. Receptor loss of 
function leads to loss of signal whereas DN-Receptor expression leads to a loss 
in the degree of polarization within the cell indicating that the DN expression 
primarily changes the perception of the external cue. In different scenarios this 
would lead to a consequence different from that of the loss of function of the 
receptor. Hence DN expression cannot be equated with loss of function of the 
guidance receptors. 
 
The activation of Ras is stringently controlled by regulators of its activity, either 
the GEFs or the GAPs hence even when the receptors are over-expressed, and 
the amount of signal is more (Janssens et al., 2010) the amount of signal 
detected by the sensor does not drastically exceed that in the wild type. Hence 
there is a wide range of receptor activation which leads to similar downstream 
signaling, thereby rendering robustness to signal perception in a noisy and 
fluctuating system. 
 
Both the receptors over-expression led to different effects. PVR over-expression 
led to a polarized signal whereas DER over-expression led to depolarization of 
the signal, indicating that the pathways required to modulate the polarization of 
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the two receptors are different. The receptors also differ in the downstream 
signaling pathways. When PVR ligand is perturbed, using PVF1 mutant, the 
signal sensed by the biosensor probe only increases, indicating that the PVR 
activation, though can be sensed through the biosensor, Ras may not be the 
primary downstream pathway. When DER ligands are perturbed, the signaling 
does not increase. Over expression of the two receptors led to a different 
localization of the signal within the cell in a manner that supports previously 
discussed possibilities that PVR might function better for local responses 
whereas DER functions better at a whole cell level. This further supports the 
possibility that the two RTKs have different mechanisms of action and different 
preferential downstream signaling pathways as discussed previously.  
 
How does this dynamics bring about guided migration? The signal detected by 
the sensor is directly dependent on the activity of both the guidance receptors in 
response to the ligand gradient. The RTKs are responsible for directional 
migration as discussed earlier. Hence both the signal observed by the sensor 
and guided migration are correlated albeit in a non linear or a complex manner 
which is yet to be elucidated. Rho family GTPases, required for regulating the 
actin dynamics in a migrating cell have been shown to cycle in temporally and 
spatially dynamic patterns (Itoh et al.,2002, Machacek et al.,2009). This directly 
links to the actin dynamics. One could further probe the link between the 
dynamics of Ras signaling and Rho family of GTPases to better understand the 
link between guided migration and guidance signaling. 
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This is beginning to provide insights into how does the guidance signal look in a 
collective migrating cluster invading a tissue. However, the answer is not simple 
and it raises interesting questions such as what are the temporal dynamics of the 
signal? How do the cells communicate with each other? How does this signal 
bring about directed movement of the cluster? This shows that this migration is a 
complex process combining both external cues and cellular features to bring 






















4.1. Fly husbandry 
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Flies were grown on standard corn meal molasses agar. Briefly it contained 18 g 
dry yeast, 10 g soy flour, 80 g malt extract, 80 g corn powder, 22 g turnip syrup, 
12 g agar, 6.25 ml propionic acid, and 2.4 g methyl 4-hydroxybenzoate (Nipagin) 
in 1l water. 
 
All crosses were grown at 25ºC in a humidity-controlled incubator. Fly stocks 
were maintained at 18 ºC. 
 
4.2. Spatial and temporal expression of transgenes in Drosophila  
 
All transgene expression under the upstream activating sequence (UAS) 
promoter uses the binary Gal4 system (Brand and Perrimon, 1993) for 
expression in a tissue specific manner. 
The UAS-Gal4 system adapted from yeast works very efficiently for this purpose. 
UAS or upstream activating sequence is an enhancer promoter sequence 
activated upon binding of the Gal4 protein. Gal4 is cloned under various native 
Drosophila promoters, which allows for an expression pattern similar to it. This 
expression can be tissues specific or expressed during specific time of 
development, depending upon the expression of the promoter. Transgenes are 
hence cloned under UAS promoter. A huge collection of Gal4 lines exist which 




Fig 4.1: UAS–Gal4 system in Drosophila Upon UAS activation by Gal4, genes 
downstream of UAS are expressed in the cells where Gal 4 is expressed. Gal4 
expression is controlled by a genomic promoter in a spatial manner. 
 
To knockdown essential genes, its important to bring about the their knockdown 
in a temporal manner, so as not to disrupt essential developmental processes. 
To achieve expression of the RNAi in a temporally regulated manner, it was 
expressed under the Actin FLP-out Gal4 (AFG). This construct has an actin 
promoter followed by a FLP-out cassette and then the Gal4 gene. When the FLP-
out cassette is excised, Gal 4 is expressed directly under the actin promoter. The 
FLP-out cassette is flanked on either side by FRT sites. Upon the action of FLP 
recombinase, the FRT sites recombine, thereby bringing about excision of the 
FLP-out cassette, after which the Gal4 is expressed under the actin promoter. 
The expression of the FLP recombinase is controlled in a temporal manner by 
controlling the expression of the FLP recombinase under the heat shock 
promoter, hsp-70. Upon heat-shock to the flies, the FLP recombinase is 
expressed, thereby allowing for the expression of the transgene under the UAS 
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promoter, in this case the RNAi. 
4.3. Drosophila strains used 
 
For behavioral analysis, the border cells were marked with neutral cytoplasmic 
10×GFP. The fixed sample analysis was carried out using UAS CD8-GFP 
(Paladi and Tepass, 2004) expression. The DNA encoding a 10×GFP fusion 
was a gift from the Jan Ellenberg, European Molecular Biology Laboratory, 
Heidelberg, Germany. It was cloned into the UAS vector with the EcoRI and NotI 
sites and transgenic flies were made. This GFP multimer is cytoplasmic in 
expression and is largely excluded from the nucleus. 
A border cell specific Gal4, SlboGal4 is used to drive the expression in border 
cells. It is expressed in the border cells and some surrounding stretch cells at 
stage 9. At stage 10 it is also expressed in the centripetal cells.  
For RNAi expression, actin-FLPout-Gal4 (AFG), is used to drive expression in all 
somatic cells. To induce RNAi expression, young adult females were heat-
shocked at 370C for 30 minutes in a water bath. These were then maintained on 
fresh yeast for ~2days before imaging (Poukkula et al.,2011) 
Transgenic constructs expressing full-length PVR, EGFR, were generated 
previously as described in (Duchek and Rørth, 2001; Duchek et al., 2001). 
Dominant negative versions of both the receptors have the extracellular domain 
of the receptor, which binds to the ligand but lack the intracellular domain, which 
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signals to downstream pathways. Pvf11624 mutant is a null mutant that has a 
premature stop codon. These have been described previously in Duchek and 
Rørth, 2001; Duchek et al., 2001; Jékely et al., 2005.  
The RNAi lines in this study used were GD13502 for PVR, GD43268 for DER, 
GD10455 for Elmo, and GD6243 and KK103820 for Vav, GD12553 and 
TRiPGL00336 for Ras. Fly stocks were obtained from the Bloomington or Vienna 
Drosophila RNAi Center stock centers.  
 
To analyze the statistical significance of difference between two datasets, a two-
tailed Student’s t test was used.  
 
4.4. Cloning  
To make the biosensor probe, several designs were tried. The logic of the design 
is discussed in the Results. To detect activated Ras at the membrane several 
probes were generated. The gene from which all the probes were generated is 
raf or polehole in Drosophila. The 10xGFP was cloned into the Clonetech vector 
backbone similar to eGFP vector. The following sequences were cloned into the 
KpnI and BamHI sites of the vector. 
 
The following sensors were generated 
Name Amino acid 
RBD-10x GFP 493-1192 of CDS 
RBD – lysine RBD 10xGFP 493-1192 of CDS 
RBD-only 10xGFP 493- 768 of CDS 
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RBD-only-Glycine-RBD-only 10xGFP 493- 768 of CDS 
RBD – Glycine- RBD 10xGFP 493-1192 of CDS 
 
Dimers were generated as follows; the RBD was amplified along with the 
6xLysine linker and inserted into RBD10xGFP between the PstI and KpnI sites. 
Similarly the RBD-only region was amplified along with 6xGlycine and inserted 
into the RBD-only-10xGFP vector using the same sites. The linkers were added 
in the reverse primers. Further, when RBD-Glycine-RBD was cloned, similar 
strategy was followed, wherein RBD-glycine was amplified and pasted into the 
RBD10xGFP vector. This was finally used for further analysis.  
 
All these constructs were then cloned under 2 promoters, UAS and heat shock 
(hs). The sensors along with the 10xGFP were cloned using the EcoRI and NotI 
sites into the two destination vector. 
 
The sequence of the pUASTattB vector is available at the GenBank data base - 
Accession number EF362409. The UAS-MCS-SV40 cassette in this vector is 
identical to the one present in pUAST vector by Brand and Perrimon (1993).  
 
The hs promoter 70 was cloned into the basic UAS attB vector. The hsp-70 
cassette was used from the p hs-70 vector as described by Steller and Pirrotta, 
1985. This cloning was done using the SLIC (Sequence and ligation indendent 
cloning) protocol. Briefly the UAS attB vector was cut using HindIII and EcoRI 
and the hs promoter was amplified with ~20 base pairs overlapping with the 
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vector on either sides. After purification of the both the vector and the insert, they 
were treated with T4 DNA polymerase. Then the ligation was carried out using 
RecA recombinase enzyme.  Details of this protocol can be found here -
http://www.embl.de/pepcore/pepcore_services/cloning/cloning_methods/lic/  
 
To make the biosensor under the slbo enhancer promoter region, a part of the 
slbo enhancer and the full-length promoter was amplified from the genomic 
region. SLIC protocol was also followed to clone the slbo enhancer promoter 
region. 2 lengths 3.6 kB and 3.3 kB fragments were cloned to include two and 
one predicted STAT binding sites in the enhancer region of the slbo gene, 
respectively. The region upto the ATG of the slbo ORF was cloned in both the 
cases. The UAS sequence in the UASRGR10xGFP was replaced with the slbo 
enhancer promoter region using SLIC cloning. UAS region was excised using 
HindIII and EcoRI. The slbo enhancer-promoter region was amplified from 
genomic DNA and replaced the UAS region. The primers used were as follows 
slbo3.3Fwd – 
5’ GAAGTGATGCTAGCGGATCCA CTGCAGACTGCCAACTGCCAA 3’ 
slbo3.6 Fwd –  
5’ GAAGTGATGCTAGCGGATCCAGCTGCGGCGTTTTATTCTCACGCT 3’ 
slbo Rev– 5’ CGCAGATCTGTTAACGAATTCTGCAGATTGTTTAGC 3’ 
 
Finally, slbo3.6 RBD-G-RBD-10xGFP was used for the analysis. 
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To normalize the sensor, a neutral marker was required, for this purpose, 
different versions of RFP were made to mark either the membrane or the 
cytoplasm. 
Construct Source 
UASTagT TagT from invitrogen cloned into 
pUAST attB vector  
UAS PH TagT PH domain of PLC of mouse cloned 
into TagT Vector from Invitrogen 
slboPH TagT Slbo vector 
slbo Turbo RFP Turbo RFP from Invitrogen cloned into 
p2X slbo vector 
slbo dsRed express dsRed Express from Invitrogen cloned 
into p2X slbo vector 
slbo FP635 FP635 from Invitrogen cloned into p2X 
slbo vector 
 
The PH domain of mouse PLC was cloned from cDNA into the TagT vector 
from Invitrogen. All the other RFPs were cloned into slbo vector (Rørth et 
al.,1998) using EcoRI and NotI sites.  
 





DNA fragments were amplified in 50l reactions containing the supplied buffer, 





4.6. Generation of transgenic flies 
 
Purified plasmid DNA was injected into 0.5-1hr old Drosophila embryos. The 
DNA concentration was 400-500ng/l in injection buffer [5mM KCl,0.1mM 
phosphate buffer(0.5mM K2HPO4, 0.05mMKH2PO4), pH6.8] The injections were 
carried out as described in Voie and Cohen, 1998. The insertions were site-
directed. The sensor constructs were injected into flies with attP site at 86Fb 
location. The RFP constructs were injected into flies containing the attP site, 
either in the VK33 or 51C site. These flies were obtained from Bloomington stock 
centre. These flies also contain the integrase on the X chromosome.  
 
Transformants were identified by their red eye color, due to the white marker 
gene present in the vector. The balanced stocks were established after 
eliminating the integrase on the X chromosome. 
 
 
4.7. Live imaging of stage 9 egg chambers 
 
Fresh adult females were collected and grown on food with dry yeast for one day 
and fresh yeast for one day. Stage 9 egg chambers were dissected from these 
flies in Scheineder’s medium (Gibco) with 0.5M insulin (Sigma), and cultured as 
described in Bianco et al., 2007. Briefly, they were cultured in Scheineder’s 
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medium along with other supplements. Each ml of medium contained 0.5l 
Insulin, 0.5l ecdysone, 1l methoprene, 1l ADA (5g/ml), 10 l Trehalose 
(10%) and 25l fetal calf serum. They were cultured for about 2 hours in the 
imaging chambers for the purpose of imaging. 
 
Images were acquired by an inverted confocal microscope from Leica (SP5) with 
a 63X, 1.2 NA Plan Apochromat water immersion objective. The objective was 
calibrated to the thickness of the coverslip used. For time-lapse imaging, for 2 
hours, the egg chambers were imaged with the 488-nm line of an argon ion laser, 
and the emitted fluorescence was simultaneously captured for GFP (500–550 
nm) and RFP (600–700 nm) for the membrane dye FM 4–64. A transmission 
image was also acquired. Pin-hole was maintained at 1airy unit. Egg chambers 
were imaged at 1.3X zoom and a pixel density of 600 X 400. They were imaged 
once ever ~1.5 minutes for not more than 2 hours. ~10 optical sections 2m 
apart were imaged to image the entire migrating cluster. 
 
To image the signaling dynamics using the biosensor probe, time-lapse movies 
were made with 10 seconds time interval. To image these migrating border cell 
clusters, the GFP and RFP signal were sequentially excited by 488 argon ion 
laser and 561 Diode laser. Emission was collected in the same windows as 
above. Pin-hole was maintained at 1.5 airy unit. One image was acquired of the 
whole egg chamber followed by imaging a smaller region covering the migrating 
border cell cluster at 4X zoom and pixel density of 512 X 512. A single image of a 
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single optical plane was acquired. The plane of imaging was chosen as 
approximate centre most plane of the cluster where the lead cell is in focus. 
Where the rear cell was not in the same focal plane, 2 optical planes were 
imaged one to image the lead cell and one to image the rear cell. The time 
interval of 10seconds between images was maintained. These egg chambers 
were imaged for a total of 10 minutes. Laser power and all the parameters of 
imaging were maintained constant throughout all experiments. 
 
4.8. Image analysis of time-lapse movies 
 
To study the parameters of migrating border cell clusters, the time lapse images 
were processed through macros developed by Adam Cliffe in the lab. Briefly, the 
macro was developed to automate the whole process. The Z sections were 
projected into a 2D image for all analysis. The centroid of the cluster body was 
then calculated. Then the point-to-point speed was measured, which was defined 
as the displacement of the centroid from one time point to the next. The net 
speed was also calculated as the displacement of the centroid in the first and the 
last frame divided by the time of the movie. To study the extensions, the body of 
the cluster was separated from the extensions. Extensions were defined by a 
rolling ball with a radius slightly greater than the nucleus of the cell. The ball will 
scan the area of the cluster. The region within which the ball does not fit is 
defined as an extension. The reasoning for this was that the nucleus would not 
be a part of extension; hence any protruding part of the cell smaller than the 
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nucleus in width, is defined as extension from the cell body. Once, the extensions 
were defined the number of extension, their direction of growth with respect to 
the direction of migration, persistence of it, were measured. For further details, 
see Poukkula et al., 2011. 
 
To analyze stills from the time lapse imaging of the biosensor probe, the GFP 
and RFP channel were processed to generate a final ratiometric image. A 
Gaussian blur filter with radius of 1 pixel was applied to both the RFP and GFP 
channel. After this a ratiometric image was generated as described in the results 
and the signal was measured by manually drawing lines to measure the front and 
the side signal of both the lead cell and the rear cell. 
 
4.9. Immunostaining and image analysis 
  
Adult females were grown on yeast for 2 days. Depending upon the experiment, 
10-20 females were used. Ovaries were then dissected in Schneider’s medium 
with 0.5µM insulin for not more than 10 minutes. They were fixed in 4% para-
formaldehyde for 20 minutes. Subsequent washes were done in 1xPBS 
containing 1% Triton X-100 (PT). The ovarioles were then dispersed by pipetting 
up and down, with a 200ul pipette, about 50 times to allow better penetration. 
 
For quantification of the cluster shape and extensions, these were then stained 
with Alexa 546 conjugated Phalloidin (Invitrogen) and DAPI to stain actin and 
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DNA, respectively for 20 minutes. They were then washed subsequently and  
mounted in mounting medium (5% n-propyl gallate dissolved in PBS and 80% 
glycerol).  
 
For antibody staining, fixation was followed by blocking with 5% Natural Goat 
Serum for 1 hour and then incubated with primary antibodies at 40C over-night on 
a shaker. Samples were washed several times in PT then incubated with 
fluorescently tagged secondary antibodies, Phalloidin and DAPI for 2 hours. 
Samples were washed several times for 2 hours before mounting. The following 
primary antibodies were used---- perk, PVR. Secondary antibodies used were 
Rhodamine or Cy5 conjugated.  
 
Images were taken with an upright confocal microscope (Lieca, SPE) with 40X 
oil-immersion objective, pinhole of 1.5 airy unit. The 405-nm, 488-nm, 543-nm 
and 633-nm laser lines were used for excitation. Emission was collected at DAPI 
(SP490 filter), GFP and Rhodamine (BP505-600 filter). All images were collected 
sequentially.  Z-sections of 2 μm were taken to cover the entire border cell 
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